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PREFACE. 
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The volume which the Physical Society now preseuts to its 
Members includes the whole of the published scieutific papers 
of the late Sir Charles Wheatstone. Soou after his deaths 
the Council of the Physical Society entertained the idea of 
paying this tribute to his memory^ and a Wheatstone Com- 
mittee, consisting of Prof. W. G. Adams, Dr. Atkinson, 
Mr. Latimer Clark, Prof. G. C. Foster, and Mr. R. Sabine, 
was appointed to carry it out. Sir C. Wheatstone's family 
placed a considerable quantity of his manuscripts and printed 
papers at the disposal of the Committee for the purpose of 
publication, and contributed geneix)U8ly towards the expense 
of the reprint. 

In the arrangement of the papers subjects of the same 
class have been placed together, the individual papers 
being arranged in their respective classes in chronological 
order. In addition to papers read before learned Societies, 
the collection includes an important article which Sir 
Charles Wheatstone contributed to the ' London and West- 
minster Review ' in. 1837, '^ On Speaking Machincs.^^ The 
delay in the appearance of this volume has been in great 
measure due to the difficulty of getting original copies 
for the printers; and the Physical Society is indebted for 
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the loan of copies of certain of the papers to the Presi- 
dent and Council of the Royal Society and to the Managers 
of the Royal Institution. 

The thanks of the Society are especially due to Prof. 
Foster for reading the proofs and seeing the volume through 
the press. 

The unpublished papers consist, for the most part, of loose 
and scattered fragments written at very different periods. 
Many of them arc rough notes on subjects which have after- 
wards been more fully considered by their author, and the 
results have been already published. The Committee there- 
fore have arrived at the conclusion that no useful puqjose 
would be fulfilled by the publication of the MSS. in the 
incomplete state in which they were left by their author, 
but would suggest their careful preservation as an evidence 
of his industry and versatility. It is considered that it 
would be appropriate to preserve them with the Scientific 
Library and Apparatus bequeathed by him to King's College ; 
and Sir Charles Wheatstone's family have arranged to de- 
posit them in the Library of the College, with which he 
was so long connected. 
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I. New Experhnents on Sound. 

[From Thomson's 'Annals of Philosophy/ 1823, vol. vi. pp. 81-90.] 

On the Phonic Molecular Vibrations. 

Before I enter on the immediate snt^ect of this article^ it 
may be necessary to exhibit a general view of those bodies 
which, being properly excited, make those sensible oscilla- 
tions which have been thought to be the proximate causes of 
all the phenomena of sound. These bodies, to avoid many 
circumlocutions otherwise inevitable, I have termed Phonics. 

Linear Phonics. 



Transversal^ 

Making their oscillations at right 
angles to their axis. 



1. Capable of tension, or variable 
rigidity : chords or wires. 

2. Permanently rigid : rods, forks, 



Zongittidinai, 

Making their oscillations in the di- 
rection of their axis. 

1. Colmnns of aeriform fluids or 
liquids; cylindric and prismatic 
rods. 



ty : chords or wires, 
iiane 
rings, &c. 

Superficial Phonics. 

1. Capable of tension : extended membranes. 

2. Permanently rigid : laminee, bells, vases, &c. 

Solid Phonics. 
1. Volumes of aeriform fluids. 

B 



2 NEW EXPERIMENTS ON SOUND. 

The sensation of sound can be excited by any of these 
bodies when they oscillate sufficiently rapidly, either entire 
or divided into any number of parts in equilibrium with each 
other. The laws of these subdivisions differ in the various 
phonics according to their form and mode of connexion or 
insuUtion ; and the velocities of the oscillations^ or degrees of 
tune, depend on the form, dimensions, mode of connexion, 
mode of division, and elasticity of the body employed. The 
points of division in linear phonics are called nodes j and the 
boundaries of the vibrating parts of elastic surfaces are termed 
nodal lines. The parts at which the oscillatory portions have 
their greatest excursions are named centres of vibration; 
these are always at the greatest mean distances from the 
nodal points or lines. 

These mechanical oscillations are not, however, themselves 
the immediate causes of sound ; they are but the agents in 
producing in the bodies themselves, and in other contiguous 
substances, isochronous vibrations of certain particles varying 
in magnitude according to the degree of tune. 1 convinced 
myself of this important fact by the following simple experi- 
ments : — ^I took a plate of glass capable of vibrating in several 
different modes, and covered it with a layer of water; on 
causing it to vibrate by the action of a bow, a beautiful reti- 
culated surface of vibrating particles commenced at the 
centres of the vibrating parts, and increased in dimensions as 
the excursions were made larger. When a more acute sound 
was produced, the centres consequently became more nu- 
merous, and the number of coexisting vibrating particles 
likewise increased ; but their magnitudes proportionably di- 
minished. The sounds of elastic laminae are generally sup- 
posed to be owing to the entire oscillations of the simple 
parts, as shown by Chladni when, by strewing sand over the 
sonorous plates, he observed the particles repulsed by the 
vibrating parts accumulate on the nodal lines and indicate 
the bounds of the sensible oscillations. Did no other motions 
exist in the plate but these entire oscillations, the water laid 
on its surface would, on account of its cohesion to the glass, 
show no peculiar phenomena; but the appearances above 
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described clearly demonstrate that the oscillating parts consist 
of a number of vibrating particles of equal magnitudes, the 
excursions of which are greatest at the centres of vibration, 
and gradually become less as they recede further from it, 
until they become almost null at the nodal lines. 

To multiply these surfaces, and to observe whether the 
magnitudes of these particles vary in different media, in a 
glass vessel of a cylindric form I superposed three immiscible 
fluids of different densities — namely mercury, water, and oil. 
On producing the sounds corresponding with each mode of 
division, I observed a number of vibratmg parts, agreeing 
with the sound and showing similar appearances to the plate, 
formed on the surfaces of each of the fluids ; not the least 
agitation appeared in the uniform parts. I afterwards in- 
serted this glass in another vessel of water in order to ob- 
serve the vibrations of the external surface, and found the 
same results as in the interior, though the levels of the sur- 
faces were different. 

The most accurate method to observe these phenomena is 
by employing a metallic plate of small dimensions, which 
must be fixed horizontally in a vice at one end, and covered 
on its upper side with a surface of water. On causing it to 
oscillate entirely by means of a bow, a regular succession of 
these vibrating corpuscles will appear arranged parallel to the 
two directions of the plate ; and if the action of the bow be 
rendered continuous, their absolute number might be counted 
with the aid of a micrometer. Diminishing the oscillating 
part of the plate to one half of its length, the double octave 
to the preceding was heard, agreeably to the established rule 
that the velocities of the oscillations are inversely as the 
squares of the lengths : four vibrating corpuscles then occu- 
pied the space before occupied by one; and the absolute 
number was double to that in the former instance ; but the 
absolute number of these corpuscles have no influence what- 
ever on the degree of tune, which entirely depends on their 
relative magnitude in the same substance. Theory shows us 
that in plates of this description alteration of breadth does 
not affect the degree of tune: let us therefore reduce this 

b2 
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half of the plate to half its breadth^ and we shall find the 
note remain the same ; but the absolute number of the cor- 
puscles will in this case be equal to that in the entire plate. 
Let us now take two plates of equal lengths and breadths, 
but one double in thickness to the other ; the rule is, that 
the velocities of the oscillations are as the thicknesses of the 
plates ; we shall, therefore, in the thicker plate see a double 
number of particles to that of the other occupying the same 
extent of surface. The last circumstance in ithich two plates 
may diflTer is their specific rigidity ; and in this respect it will 
be found that two plates of exactly equal dimensions, and 
covered with the same number of vibrating corpuscles of equal 
magnitudes, but of diflferent substances, differ in sound; 
therefore the absolute magnitudes of the particles cannot be 
assumed as a standard of tune, unless regulated by the spe- 
cific rigidity. 

Unassisted by any means of actual admeasurement, the 
above are but the proximate results sensible to the eye; 
more extended and accurate experiments are necessary to 
confirm the results with mathematical certainty. As the 
absolute magnitudes of these particles will, I imagine, be 
hereafter a most useful element for calculation, I will here 
indicate the most effectual way I am acquainted with to arrive 
at this knowledge. A thick metallic slip of considerable 
length and breadth, bent similarly to a tuning-fork, and fixed 
at its curved part in a vice, is very easily excited by friction ; 
and a more considerable surface of regularly arranged vibra^ 
ting particles is seen than in most other superficies: any 
description of common exciter may be employed. When 
this bent plate is excited by percussion, the particles, before 
their disappearance, will assume an apparent rotatory motion, 
on account of the force exerted and its susceptibility of con- 
tinuing the vibrations. Employing a parallelopipedal rod, the 
appearances of the higher modes of subdivisions are particu- 
larly neat ; the entire vibrating parts between the nodes form 
ellipses, and the semipart at the free end a regular half of 
the same figure. It is important to remark that the crispa- 
tions of the water only appear on the sides in the plane of 
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oscillation ; the other two sides, on one of which the exciter 
must be applied, do not show similar appearances. 

I have also rendered the phonic molecular vibrations visible 
when produced by the longitudinal oscillations of a column 
of air. The following were the means employed: — I placed 
the open end of the head of a flute or flagiolet on the surface 
of a vessel of water ; and on blowing to produce the sound, I 
observed similar crispations to those described above, forming 
a circle round the end of the tube, and afterwards appearing 
to radiate in right lines ; on the harmonics of the tube being 
sounded, the crispations were correspondently diminished in 
magnitude. These phenomena will be more evident if the 
tube be raised a little from the surface of the liquid, and a 
thin connecting film be left surrounding it; the vibrating 
particles will then occupy a greater space, and be more 
sensible. 

The existence of the molecular vibrations being now com- 
pletely established, it becomes a critical question in what 
manner the sensible oscillations induce these vibrating par- 
ticles. I do not know whether what I am now going to ad- 
duce will be admitted as the right explanation ; but it is cer- 
tainly analogous, so far as the superficial and transversal 
linear oscillations are concerned. A flexible surface, covered 
with a coat of resinous varnish, being made to assume any 
curve, the cohesion of the varnish will be destroyed in certain 
parts, and a number of cracks will be observed more regularly 
disposed as the force inducing the curve has been more 
regularly applied ; when the original position of the surface 
is restored the cracks will be imperceptible, but will again 
appear at every subsequent motion. Be this as it may, these 
particles are invariable concomitants of the sensible oscilla- 
tions ; and there is no reason to suppose otherwise than that 
their vibrations are isochronous with them. To avoid con- 
fusion, I have restricted the word vibrations to the motions 
of the more minute parts, and the term oscillations to those 
of the sensible divisions. We may reasonably suppose that 
the molecular vibrations pervade the entire substance of a 
phonic ; their excursions, however, are not the same in all 
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parts ; and they can only be rendered visible when these ex- 
cursions are large. They may be so few in number as to be 
entirely inaudible, as in their transmission through linear 
conductors; but however few, when they are properly di- 
rected they induce the mechanical divisions of sonorous 
bodies, each of which will give birth to numerous vibrating 
corpuscles whose excursions are greater, and the sound will 
be rendered audible. Dr. Savart has well investigated the 
modes of division in surfaces put in motion by communicated 
vibrations. All those phonics whose limited superficies pre- 
clude them from exciting in themselves a suflScient number 
of vibrating corpuscles, when isolated, produce scarcely any 
perceptible sound — as extended chords, tuning-forks, &c. ; 
but those whose superficies or solidities are more extended, as 
bells, elastic laminae, columns of air, &c., produce sufficient 
volume of sound without accessory means. 

Loudness of sound is dependent on the excursions of the 
vibrations ; volume, or fulness of sound, on the number of 
coexisting particles put in motion. Thus the tones of the 
jEolian harp, on account of the number of subdivisions of the 
strings, are remarkably beautiful and rich without possessing 
much power ; and the sounds of an Harmonica-glass, in which 
a greater number of particles arc excited than by any other 
means, are extraordinarily so, imited, according to the method 
of excitation, with considerable intensity: their pervading 
nature is one of the greatest peculiarities of these sounds. 

The following is a recapitulation of the various properties 
of sound which are attributable to modifications of the vibra- 
ting corpuscles : — 



The tune 

The time 

The inteiiaity 

The richness, or volume 

The quality (timbre) 



" velocities of the vibrations, 
continuance of the vibrations. 



a 
o 

r-^ -{ excursions of the vibrations. 



I, I number of coexisting vibrations. 

P i magnitudes of the vibrating corpuscles. 



It has often been thought necessary to admit the existence 
of more minute motions than the sensible oscillations, in 
order to account for many phenomena in the production of 
sound. Perault, in his ^Essai du Bruit,' insisted on their 
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necessity more than any other author I have read : he ima- 
gined that the vibrations have a much greater velocity than 
the oscillations which cause them ; but the experiment he ad- 
duced to prove this is far from conclusive; he mistook for 
these vibrations the oscillations of the subdivisions of tlie 
long string he employed. Other distinguislied philosophers 
have had ideas of a similar nature ; and Chladni thinks their 
existence necessary to account for the varieties of quality. I, 
however, conceived I was the first who had indicated these 
phenomena by experiment, until a few days ago, repeating 
them, together with the others which form the subject of this 
paper, in the presence of Prof. Oersted, of Copenhagen, he 
acquainted me with some similar experiments of his own. 
Substituting a very fine powder, Lycopodion, instead of the 
sand used by Chladni for showing the oscillations of elastic 
plates, this eminent philosopher found the particles not only 
repulsed to the nodal lines, but at the same time accumulated 
in small parcels on and near the centres of vibration ; these 
appearances he presumed to indicate more minute vibrations, 
which were the causes of the quality of the sound. Sub- 
sequently he confirmed his opinion by observing the crispa- 
tions of water or alcohol on similar plates, and showed that 
the same minute vibrations must take place in the trans- 
mitting medium, as they were equally produced in a surface 
of water when the sounding plate was dipped into a mass 
of this fluid. These experiments were inserted in Lieber's 
' History of Natural Philosophy,' 1 813. 

Rectilineal Transmission of Sound. 

As the laws of the communication of the phonic vibrations 
are more evident in linear conductors, I shall confine the pre- 
sent article to a summary of their principal phenomena. 

In my first experiments on this subject, I placed a tuning- 
fork, 6r a chord extended on a bow, on the extremity of a 
glass or metallic rod five feet in length, communicating with 
a sounding-board : the sound was heard as instantaneously 
as when the fork was in immediate contact ; and it immedi- 
ately ceased when the rod was removed from the sounding- 
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board or the fork from the rod. From this it is evident that 
the vibrations, inaudible in their transmission, being multi- 
plied by meeting with a sonorous body, become very sensibly 
heard. Pursuing my investigations on this subject, I have 
discovered means for transmitting, through rods of much 
greater lengths and of very inconsiderable thicknesses, the 
sounds of all musical instruments dependent on the vibrations 
of solid bodies, and of many descriptions of wind instruments. 
It is astonishing how all the varieties of tune, quality, and 
audibility, and all the combinations of harmony, are thus 
transmitted unimpaired, and again rendered audible by com- 
munication with an appropriate receiver. One of the prac- 
tical applications of this discovery has been exhibited in 
London for about two years, under the appellation of " The 
Enchanted luyre.'' So perfect was the illusion in this in- 
stance from the intense vibratory state of the reciprocating 
instrument, and from the interception of the sounds of the 
distant exciting one, that it was universally imagined to be 
one of the highest efforts of ingenuity in musical mechanisnu 
The details of the extensive modifications of which this in- 
vention is susceptible, I shall reserve for a future communi- 
cation ; the external appearance and effects of the individual 
application above mentioned have been described in the prin- 
cipal periodical journals. 

The transmission of the vibrations through any communi- 
cating medium as well as through linear conductors is at- 
tended by peculiar phenomena. Pulses are formed similar to 
those in longitudinal phonics ; and consequently the centres 
of vibration and the nodes are reproduced periodically at 
equal distances : in this we observe an analogous disposition 
with regard to light. I had intended to include in this 
paper all the analogical facts I have observed illustratory of 
the identity of the causes of these two principal objects of 
sensation ; but want of time and the danger of delay, now the 
subject is occupying so much the attention of the scientific 
world, have induced me hastily to collect the present experi- 
ments, and to defer the others for a future opportunity. 

The thicknesses of conductors materially influence the 
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power of transmission ; and there is a limit of thickness, dif- 
fering for the different degrees of tune, beyond which the 
vibrations will not be transmitted. The vibrations of acute 
sounds can be transmitted through smaller wires than those 
of grave sounds. A proof of this is easy. Attach a tuning- 
fork to one end of a very small wire, and apply the other end 
to the ear or a sounding-board. On striking the fork rather 
hard, two coexisting sounds will be produced : that which is 
more acute will be distinctly heard ; but the other will not be 
transmitted. If the vibrations of a tuning-fork be conducted 
through a piece of brass wire of the size and thickness of a 
large needle, the sound, imperfectly transmitted, will become 
more audible by the pressure of the fingers on the conducting 
wire ; but if a steel wire of the same length and thickness be 
employed, the sound will be unaltered by any pressure, 
because steel has a greater specific elasticity than brass. 

Polarization op Sound. 

Hitherto I have only considered the vibrations in their 
rectilineal transmission ; I shall now demonstrate that they 
are peculiarly affected when they pass through conductors 
bent in different angles. I connected a tuning-fork with one 
extremity of a straight conducting- rod, the other end of which 
communicated with a sounding-board : on caui^J^g the tuning- 
fork to sound, the vibrations were powerfully transmitted, as 
might be expected from what has already been explained; 
but on gradually bending the rod, the sound progressively 
decreased, and was scarcely perceptible when the angle 
became a right one ; as the angle was made more acute the 
phenomena were produced in an inverted order : the intensity 
gradually increased as it had before diminished; and when 
the two parts were nearly parallel, it became as powerful as 
in the rectilineal transmission. By multiplying the right 
angles in a rod, the transmission of the vibrations may be 
completely stopped. 

To produce these phenomena, however, it is necessary that 
the axis of the oscillations of the tuning-fork should be per- 
pendicular to the plane of the movable angle; for if they 
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be parallel with it they will be still considerably transmitted. 
The following experiment will prove this. I placed a tuning- 
fork perpendicularly on the side of a rectilinear rod; the 
vibrations were therefore communicated at right angles. 
When the axis of the oscillations of the fork coincided with 
the rod, the intensity of the transmitted vibrations was at 
its maximum ; in proportion as the axis deviated from paral- 
lelism the intensity of the transmitted vibrations dimi- 
nished ; and, lastly, when it became perpendicular, the inten- 
sity was at its minimum. In the second quadrant the order 
of the phenomena was inverted, as in the former experiment, 
and a second maximum of intensity took place when the axis 
of the oscillations had described a semicircumference and had 
again become parallel, but in an opposite direction. When 
the revolution was continued, the intensity of the transmitted 
vibrations was varied in a similar manner ; it progressively 
diminished as the axis of the oscillations deviated from being 
parallel with the rod, became the least possible when it 
arrived at the perpendicular, and again augmented until it 
remained at its first maximum, which completed its entire 
revolution. 

The phenomena of polarization may be observed in many 
corded instruments : the cords of the harp are attached at 
one extremity to a conductor which has the same direction 
as the sounding-board ; if any cord be altered from its qui- 
escent position, so that its axis of oscillation shall be parallel 
with the bridge or conductor, its tone will be full ; but if the 
oscillations be excited so that their axis shall be at right 
angles with the conductor, its tone will be feeble. By tuning 
two adjacent strings of the harp unisons with each other, the 
dififerences of force will be sensible to the eye in the oscilla- 
tions of the reciprocating string according to the direction in 
which the other is excited. 

It now remains to explain the nature of the vibrations 
which produce the phenomena the existence of which has 
been proved by the preceding experiments. The vibrations 
generally assume the same direction as the oscillations which 
induce them : in a longitudinal phonic the vibrations are 
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parallel to its axis ; in a transversal phonic they are perpen- 
dicular to this direction ; a circular or an elliptic form can 
be also given to the vibrations by causing the oscillations to 
assume the same forms. Any vibrating corpuscle can induce 
isochronous vibrations of similar contiguous corpuscles in the 
same plane, either parallel with, or perpendicular to, the direc- 
tion of the original vibrations ; and the polarization of the 
vibrations consists in the similarity of their directions, by 
which they propagate themselves equally in the same plane : 
therefore the vibrations being transmitted through linear 
conductors, it is the plane in which the vibrations are made 
that determines their transmission or nontransmission when 
the direction is altered. A longitudinal or a transversal vi- 
bration may be transmitted two ways to a conductor bent at 
right angles : their axis may be in that direction, as to be in 
the same plane with the right angle, in which case the former 
will be transversally, or the latter longitudinally transmitted 
in the new direction ; or their axis may be perpendicular to 
the plane of this new direction, under which circumstances 
neither can be communicated*. In explaining the polariza- 
tion of light, there is no necessity to suppose that the reflect- 
ing surfaces act on the luminous vibrations by any actual 
attracting or repulsing force, causing them to change their 
axes of vibrations ; the directions of the vibrations in different 
planes, as I have proved exist in the communication of sound, 
are sufficient to explain every phenomenon relative to the 
polarization of light. 

• I have just seen a paper by M. Fresnel, entitled " Considerations 
M^caniques sur la Polarisation de la Luniiere," in which this eminent 
philosopher had previously arrived at the same conclusions with respect 
to light as I have proved in this communication respecting sound. The 
important discoveries of Dr. Thomas Young, followed hy those of M. 
Fresnel, have recently reestablished the vibratory theory of light j and 
new facts are every day augmenting its probability. The new views in 
acoustical science which I have opened in this paper will, I presume, give 
additional confirmation to the opinions of these eminent philosophers; 
and I hope, when I resume the subject, to be enabled to account for the 
principal phenomena of coloration, with regard to their acoustic analogies, 
in a way calculated to establish the permanent validity of the theory. 
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Let U8 suppose a number of tuning-forks oscillating in dif- 
ferent planes and communicating with one conducting-rod : 
if the rod be rectilinear, all the vibrations will be transmitted ; 
but if it be bent at right angles, they will undergo only a 
partial transmission ; those vibrations whose planes are per- 
pendicular, or nearly so, to the plane of the new direction will 
be destroyed. The vibrations are thus completely polarized 
in one direction while passing through the new path, and on 
meeting with a new right angle they will be transmitted or 
not, accordingly as the plane of the angle is parallel with, or 
perpendicular to, the axes of the vibrations. In this point of 
view, the circumstances attending the phenomena are precisely 
the same as in the elementary experiment of Mains on the 
polarization of light. 

Double refraction is a consequence of the laws of polariza- 
tion, by which a combination of vibrations having their axes 
in different planes, after travelling in the same direction, are 
separated into two other directions, each polarized in one 
plane only. That this well known property of light has a 
correspondent in the communication of phonic vibrations I 
shall now demonstrate. When two tuning-forks, sounding 
different notes by a constant exciter, and making their oscil- 
lations perpendicularly to each other, have their vibrations 
transmitted at the same time through one rod, at the opposite 
extremity of which two other conductors are attached at right 
angles, and when each of these conductors is parallel with 
one of the axes of the oscillations of the forks, on connecting 
a sounding-board with either conductor, those vibrations only 
will be transmitted through it which are polarized in the 
same plane with the angle made by the two rods through 
which the vibrations pass ; either sound may be thus sepa- 
rately heard, or they may both be heard in combination by 
connecting both the conductors with sounding-boards. 

The phenomena of diffraction regarding only the form of 
the surfaces, or the superficies over which the vibrations ex- 
tend, are, by the conformation of the organs of hearing, not 
of any consequence to the perception of sound, though the 
same phenomena, when the chromatic vibrations are con- 
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cemed, are very evident to the eye. They, however, un- 
doubtedly take place equally in both instances, and may be 
well explained by the theory already laid down. Each sepa- 
rate vibration propagating itself in the plane of its vibrating 
axis, a number of vibrations in diflferent planes, after passing 
through an aperture, naturally expand themselves ti'ans- 
versely as welj as rectilineally, and thereby occupy a greater 
space than they would were they only longitudinally trans- 
mitted. 

I have still to indicate a new property of the phonic vibra- 
tions; but whether it is analogous to any of the observed 
phenomena of light I am yet ignorant. When the source of 
the vibrations is in progressive motion, the vibrations ema- 
nating from it are transmitted wh6n the conductor is recti- 
lineal and parallel with the original direction ; and they are 
destroyed when the conductor is perpendicular to the direc- 
tion, though the axis of vibration and the conductor being 
in both instances in the same plane, would transmit the vibra- 
tions were the phonic stationary. These circumstances are 
proved by the following experiments : — When a tuning-fork, 
placed perpendicularly to a rod, communicating at one or 
both extremities with sounding-boards, and caused to oscillate 
' with its vibrating axis parallel with the rod, moves along the 
rod, preserving at the same time its perpendicularity and 
parallelism, the vibrations will not be transmitted while the 
movement continues; but the transmission will take place 
immediately after it has remained motionless. When the 
tuning-fork moves on the upper edge of a plane perpendi- 
cular to a sounding-board, the vibrations rectilineally trans- 
mitted will not be influenced by the progressive motion. 
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II. Explanation of the IIa)'monic Diagram. 

[From a pamphlet entitled *' An Explanation of the Harmonic Diagram, 
invented by C. Wheatstone. Loud«)u. Publi/*hed by C. Wheatstone, 
430, Strand."] 

The diflBculty attending the acquirement of Musical Theory 
has been the principal cause of the little attention paid to it 
by the generality of practical students. The intention of 
the Harmonic Diagram is to diminish this difficulty, and to 
render the groundwork of the science more familiar. For, 
as on a geographical chart, the relative situations and 
analogies of the various places can be more readily compre- 
hended than by the most accurate and diffuse independent 
explanation, so on the Diagram, which is a representation of 
the principles from which the Science of Music is derived, 
the rules constituting the theory, from the apparent mutual 
connexion of their elements, are rendered more evident than 
they could be in a desultory treatise. The author does not, 
however, pretend to obtrude his invention as a substitute for 
either of the many excellent theoretical works now published ; 
but he ventures to hope it will be found a useful preliminary 
and accompaniment to any publication on the subject ; and, 
as it is intended to convey to the practical musician the foim- 
dation only of the theory, the explanation has been confined 
to that kind of information more essentially necessary, and 
more immediately conducive to the means of instruction. 
Definitions, — A Note* is a musical sound at a determined 

• It is productive of considerable inconvenience that the most useful 
and elementary words employed in the theory of music should be so 
vajpiely and promiscuously applied. A note originally signified only 
the written character of a musical sound ; but for want of a more appro- 
priate and exclusive term it has been adopted in this new sense, not only 
in the language of the science but also in that of literature and common 
colloquial intercourse. There are many other terms similarly equivocal. 
Tone is a geneial word for a musical sound, as a fine tone, a sweet tone, a 
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pitch or degree of tune^ and is termed graver than one that 
is higher^ and more acute than one that is lower. 

An Interval is the distance between two notes : the graver 
sound is generally considered as the base when compared with 
a more acute sound. 

Melody is a succession of notes. 

A Chord is the co-existence of several notes. 

Harmony is a succession of chords^ or the co-existence of 
.two or more melodies. 

Part the First. 
The Elements of Melody. 

§ 1. The circumference of the diagram represents a per- 
fect octave. In this interval all the principles of musical 
variety are contained ; and all notes situated above or below 
a certain octave in theory are considered the same notes as 
those bearing similar names within it. Therefore all musical 
intervals may be regarded as comprised in this compass. 

§ 2. Scales. — A scale is a regular progression, commencing 
and terminating with notes of the same name, and included 
within the interval of one or more octaves. The genera of 
scales regard the number of notes in the octave : of those 
there are three — Diatonic, Chromatic, and Enharmonic*. 

grave tone, &c. The same word is also employed to signify a particular 
diatonic interval. The tunb of sowid is usually understood to be its 
pitch, and to tune is to bring each of the notes of an instrument to its 
proper pitch ; but to tune is also used synonymously with to play, and a 
tune is the same as a mdody. 

* There is another scale, more simple in its construction than either of 
these; but it has not hitherto been described in any theoretical work, and 
is therefore not included in this enumeration of the scales generally ad- 
mitted. It consists of five notes, the succession of which forms, like the 
other scales, two species of intervals, which in this are the tone and the 
minor third. It is indicated on the diagram by the double lines ; and the 
diatonic scale is derived from it by dividing each of its minor thirds into 
a tone and a major semitone by the lines representing the 4th and 7th 
notes of the diatonic series. This scale possesses several remarkable 
peculiarities. A diatonic scale has always a determinate key ; but this 
progression of notes has no decided tonic, and, according to the rules of 
composition, it may be considered as belonging to either of five different 
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Diatonic scales consist of seven notes, represented by the 
seven lines of the movable circle : the intervals between 
them^ viz. tones, of which there are five, and major semitones, 
of which there are two, are shown by the distances between 
these lines. These scales are the most important, as all 
regular musical compositions are constructed upon them. 

Chromatic scales are formed by the addition of a note in 
each tone of the above, subdividing it into a major and a 
minor semitone; these additional notes are shown by the 
dotted lines. 

Enharmonic scales are formed by the subdivision of each 
major semitone in a chromatic scale into a minor semitone 



keys deprived of the notes which divide their respective minor thirds : 
thus the progression C, D, £, G, A may be regarded as the diatonic 
major key of C with the omission of its 4th and 7th notes, as the minor 
key of D without its 3rd and 6th, as the minor key of E wanting its 
2nd and 5th, as the major key of G omitting its 3rd and 7th, and as the 
minor key of A deprived of its 2nd and 6th. We see from hence the 
cause of the apparent irregularity in the terminations of melodies com- 
posed from this progression. 

There are many reasons for believing this series of notes to have con- 
stituted one of the^ most simple and original forms of the enharmonic 
scale of the ancients (for the Greek names applied to the modem scales 
do not at aU accord with their ancient significations) ; and we have un- 
doubted evidence that the aboriginal airs of most of the European and 
Oriental nations are entirely constructed upon it. The peculiar character 
of Scottish melody is owing to this disposition of the inter\'al8 ; and from 
hence it has been occasionally called the Scottish scale; but as the 
melodies of India, China, and Persia equally derive their character from 
it, the term National Scale may be substituted as more appropriate. 

The five black keys of the pianoforte correspond with the notes of the 
national scale ; and it may easily be proved by trial that any real Scottish 
air, as " Roy's Wife," " Auld Lang Syne," &c., vrith the omission of the 
unessential notes introduced by transcribers, may be performed upon 
them ; and in the same manner successful imitations of the Scottish style 
may be composed. Melodies thus constructed owe their peculiarly 
pleasing effect to the simplicity of the intervals between the notes com- 
posing them ; in addition to all the consonant intervals, the minor seventh 
and the perfect second only are in requisition, whereas, in the diatonic 
scale, the i mperfect second, the superfluous fourth, the imperfect fifth 
and the major seventh are also additionally employed. 
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and (Heris, thereby adding to it seven additional notes : these 
are shown by small marks between the major semitones. 

The note commencing and terminating a scale is termed 
its tonic or key-note. 

§ 8. Modes. — The different dispositions of the intervals 
between the successive notes of a diatonic scale are called 
modes. When the intervals are situated as represented by 
placing the index of the upper circle to the key-note, the 
mode is major; it is minor as shown by placing the index of 
the lower circle to the key-note. In musical compositions 
the major mode is most important, and the minor considered 
in regard to it is either relative or tonic. The minor is re- 
lative when its key-note is the sixth of its major, in which 
case the notes (and consequently the signatures) of both 
scales correspond. The minor is tonic when it has the same 
key-note as the major scale, from which it will be seen by 
the Diagram to differ in having its 3rd, 6th, and 7th notes 
nearer the commencing note, the others remaining the same 
in both scales. 

§ 4. Keys. — A scale may commence on any note ; this 
constitutes the difference of keys. All keys are named from 
the note on which they. commence and terminate; and the 
seven notes of the progression are in alphabetical order, two 
of the same letter never occurring. Those notes of a scale 
to which in their progressive order a sharp or a flat is affixed, 
to avoid repetition transfer their signs to the commencement, 
which forms what is termed the signature of the key. The 
signatures of all the keys which are in use are shown on the 
Diagram when the index points to the corresponding key- 
note. 

§ 6. Problems on the Keys and Modes. — To discover the 
progression of any key in the major mode, place the index 
of the outward circle to the key-note, which will show the 
signature, and the lines will point out the seven notes of its 
scale. Example: — Let D be the key-note, to which place 
the index : the signature will be shown to be two sharps, and 
the lines will correspond with D, E, F#, G, A B, C$. 
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To find the progression of any key in the minor mode, 
place the index of the inward circle to the key-note^ and the 
notes and signature of the key will be shown as before. 
Example : — Let C be the key-note ; having placed to it the 
minor index^ the lines will point out C, D, E|>, F, G, Ab, Bb, 
and the signature will be shown to be three flats. N.B. Those 
notes which keys in the minor mode ascending borrow from 
their relative majors are shown by a ♦ on the corresponding 
dotted lines. 

The relative minor to any major key will be found to com- 
mence on the 6th of the latter: consequently, when any 
major scale is shown without altering the circle, its relative 
minor is likewise seen. Example : — Let the key-note of the 
major be C, and its scale shown as directed above ; the minor 
index will then point to A, its sixth note, and the two scales 
will be seen to be formed of the same notes and possess the 
same signature. 

The tonic minor of any major key may be shown by placing 
the minor index to the major key-note. Example:— Let C 
be the major key-note ; by placing to it the minor index its 
tonic minor will be foimd to be C, D, Eb, F, G, Ab, Bb, and 
its signature will be formed of three flats. 

§ 6. Progression of the Keys, — To explain the progression 
and relations of the major keys, place the index upon C, 
which key has neither flats nor sharps ; then by removing it 
to the note pointed out by 5^ the fifth above, the scale of the 
key having one note sharpened will be shown, and every 
removal the same degree higher will show the key with one 
sharp added, which additional sharp will invariably be on the 
7th of its own and 4th of the preceding key. By descending 
in the same manner from C (removing it to 4, the fifth below) 
the progression of the keys with flats will be shown, and the 
additional flat will be observed to occur on the 4th of its 
own and 7th of the preceding key. 

The progression of the minor keys may be similarly de- 
monstrated by commencing on A and substituting the minor 
circle for the major ; each additional sharp will then occur 
on the 2nd of its own and 4th of the preceding key^ and each 
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additional flat on the 6th of its own key, and 2nd of the pre- 
ceding. 

To render theae operations more evident^ under the index 
of the key-note is shown the number and order of the sharps 
and flats to the corresponding key. 

§ 7. Transposition of Keys. — ^Transposition or changing 
the key is effected by raising or lowering all the notes of a 
composition in an equal degree, still reserving the true in- 
tervals between the notes of the melody. The rule for the 
operation is as follows : — Place the index (major or minor, 
according to the mode) to the tonic of the key in which the 
piece is written, and write down the progression shown by 
the lines; proceed the same with the key into which you 
would transpose it; then by substituting the notes of the 
latter for those of the former, the transposition will be 
effected. When a note accidentally sharpened or flattened 
occurs, its transposition will be shown by a dotted line. The 
alteration of the signature shown under the index must be 
observed; and it is necessary to remark, that major keys can 
only be transposed into other major keys, and minor into 
other minor keys. 

§ 8. Intervals, — Intervals derive their names from their 
distances between the tonic and other notes of the diatonic 
scale*; on the movable circle of the diagram are exhibited 
the characters of all those in practical use. If it be required 
to know the interval between any two notes, the index must 
be placed to the lower note, and the intervallic character will 
appear under the higher. 

Intervals are classed by theorists into perfect, major, minor, 
imperfect, superfluous, and diminished. Perfect intervals 

* In a former part (§ 2) of this ezplanatioxi, other terms not thus de- 
rived are used to express those intervals which exist hetween the succes- 
sive notes of the difierent scales. The toney the larger interval of the 
diatonic scale, is identical with what is here termed the perfect second) 
and the mqfor semitone with the imperfect second. The minor semitone 
and the superfluous unison are also the same: the first mentioned are 
generally employed in explaining the construction of the scales ; the latter 
(with all those enumerated in the present article) in explaining the prin- 
ciples of harmony. 

c2 
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are those between the touie and those notes of the scale 
which are common to both major and minor keys : they are 
nnison^ 1 *, second^ 2, fourth, 4, fifth, 5, octave, 8. Major in- 
tervals are those between the tonic and the notes peculiar to 
the major scale : they are third, 3, sixth, 6, seventh, 7. Minor 
intervals are those peculiar to the minor mode, and are re- 
spectively less than the major intervals by a minor semitone ; 
they are denoted by prefixing a flat to their characters, \} 3, 
t>6, t>7t. Imperfect intervals are the perfect intervals dimi- 
dished a minor semitone, and are expressed by a slur placed 

/— S /"^v /'■"S /"^v 

over the characters — 2, 4, 6, 8. Superfluous intervals are 
the perfect and major intervals increased by a minor semi- 
tone ; they are denoted by placing a line across the figures, 
1, 2, 3, 4,^, )^, ^. Dimipished intervals are the minor inter- 
vals diminished by a minor semitone ; they are expressed by 
a slur placed over the minor characters, l>3> l>6, l>7. 

Two intervals are reciprocal when, added together, they 
form an octave. And the difference or complement of an 
interval to an octave is termed an inverted or reciprocal in- 
terval : thus, 4 is an inversion of 5, and yice versd. Intervals 
are likewise divided into consonant and dissonant; 1, t>3, 3, 
4, 5, t>6, 6, 8 are the consonant intervals ; all the others are 
dissonant. 

Simple intervals are those not exceeding that of an octave ; 
compound intervals are any of the simple intervals com- 
pounded with one or more octaves, as 9th, 11th, &c., which 
in every respect are analogous to the 2nd, 4th, &c. 

* The unison cannot in strictness be termed an interval; it may be 
defined as the collision of two notes of the same degree of tune. 

t These characters of the major and minor intervals are, as they should 
be, employed in major scales ; but in minor scales the minor intervals, 
being of most importance, are denoted by plain figures, and the accidental 
major intervals are distinguished by prefixing a sharp. 
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III. Description of the Kaleidophone, or Phonic Kalei- 
doscope ; a new Philosophical Toy^ for the Illustra- 
tion of several Interesting and Amusing Acoustical 
and Optical Phenomena. 

[From the ' Quarterly Journal of Science, Literature, and Art,' 1827, 

vol. i.] 

Thb application of the principles of science to ornamental 
and amusing purposes contributes^ in a great degree^ to render 
them extensively popular ; for the exhibition of striking ex- 
periments induces the observer to investigate their causes 
with additional interest^ and enables him more permanently 
to remember their effects. I shall not, therefore, need an 
ajjology for presenting the tyro in science with another com- 
bination of philosophy with amusement, in addition to those 
already extant. 

But this instrument possesses higher claims to attention ; 
for it exemplifies an interesting series of natural phenomena, 
and renders obvious to the common observer what has hitherto 
been confined to the calculations of the mathematician; it 
presents another proof, that however remote from common 
observation the operations of nature may be, the most beau- 
tiful order and symmetry prevail through all. 

In the property of ^^ creating beautiful forms,^' the kalei- 
dophone resembles the celebrated invention of Dr. Brewster, 
from which its name is modified; but to the instrument itself 
and its mode of action it is almost superfluous to say there is 
no similarity. Previously to entering into an explanation of 
its construction and effects, the following brief summary may 
suffice to give a general idea of the nature of the experiments 
it is intended to illustrate. 

These experiments principally consist in subjecting to 
ocular demonstration the orbits or paths described by the 
points of greatest excursion in vibrating rods, which in the 
most frequent cases, those of the combinations of different 
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modes of vibration, aasume the most diversified and el^ant 
cnrriline&r forms*. The entire track of each orbit is ren- 
dered simultaDeotuly visible by causing it to be delineated b; 
a biilliantly luminous point ; and the figure being completed 
is less time than the duration of the visual impression, the 
whole orbit appears as a continnous line of light. As, besides 
the changes which result from the combinations of the pri- 
mitive with the higher modes of vibration, the figures of the 
orbits are affected by the form of the rod, by the extent of 
the excursions of the vibrations, by the mode of producing 
the motions, and by many other circumstances, a great 
variety of pleasing and regular forms is obtained. This 
variety is also enhanced by giving the same motions to a 
number of symmetrically disposed luminous points, the 
mutual intersections of the orbits of which produce innu- 
merable elegant forms; and the appearances may be still 
more variegated by occasionally causing these points to 
reflect differently coloured lights. 



i^ 



^B^^ 



The apparatus for exhibiting these experiments consists of 
a circular board about nine inches in diameter, into which 

* We ue indebted to Dr. T. Young for the £nt obMirstioii of these 
phenomena. The following account of bia eiperitnents u quoted ham 
the FUlomphieal lyatuartiotu for 1800 :—" Take one of the lowest etringa 
of a square piano^rte, round which a fine ailverad wire is wound in a 
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are perpendicularly fixed^ at equal distances from the circum- 
ference and from each other, three steel rods, each about 
a foot in length. The first rod is cylindrical, 1-lOth of an 
inch in diameter, and is surmounted by a spherical bead"^ 
which concentrates and reflects the light which falls upon 
it. The second is a similar rod, upon the upper extre- 
mity of which is placed a plate moving on a joint, so that 
its plane may be rendered either horizontal, oblique, or 
perpendicular ; this plate is adapted to the reception of the 
objects, which consist of beads differently coloured and ar- 
ranged on pieces of black card in symmetrical forms. The 
third is a four-sided prismatic rod, and a similar plate is 
attached to its extremity for the reception of the same objects. 



spiral fbnn; contract the light of a window, so that when the eye ia 
placed in a proper position, the image of the light may appear small, 
bright, and well defined on each of the convolutions of the wire. Let 
the chord he now made to rihrate, and the luminous point will delineate 
its path like a burning coal whirled round, and will present to the eye a 
Une of light, which, hy the assistance of the microscope, may be reiy 
accurately observed. According to the different ways by which the wire 
is put in motion, the form of this path is no less diversified and amusing 
than the multifiirious forms of the quiescent lines of vibrating plates dis- 
covered by Professor Chladni ; and it is, indeed in one respect even more 
interesting, as it appears to be more within the reach of mathematical 
calculation to determine it.'* 

The extremely limited extent of the excursions of a vibrating chord 
prevents its motions from being distinctly observed by the naked eye ; 
but as the rods employed in the present experiments can extend their 
excursions to nearly two inches, and as the means employed greatly in- 
crease the intensity of the light, the phenomena are exhibited in a far 
more evident manner. 

* The only beads well adapted for this purpose are made of extremely 
thin glass silvered on the interior sur&ce, and about one sixth of an inch 
in diameter ; they are to be obtained at the shops under the name of steel 
beads. The protuberances at the apertures must be removed or blackened, 
otherwise the reflections from them will render the images confused. To 
produce the coloured tracks, these beads must be coated with transparent 
colours, such as are ordinarily. used for painting on glass; the light will 
then be reflected through the coloured surface; but in beads made of 
coloured glass, the reflection being made from the external surface, shows 
only white light The bead is cemented into a small brass cup screwed 
to the top of the wire. 
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Another rod is fixed at the centre of the board ; this is bent 
to a right angle, and is furnished with a bead similarly to the 
first-mentioned rod. A small nut and screw is fixed to the 
board near the lower end of the first rod^ in order by pressing 
upon it to render occasionally its rigidity unequal. A hammer^ 
softened by a leather covering, is employed to strike the rods ; 
and a violin-bow is necessary to produce some varieties of 
effect. 

I shall now proceed to describe the different appearances 
which the rods present when in action, and to give directions 
for the production of the different effects, following the order 
in which the rods have been previously mentioned. 

No. 1. On causing the entire rod to vibrate, so that its 
lowest sound be produced*, as it is seldom that the motions 

* The most simple mode of vibration of a rod vibratiiig transversely, 
when one of its extremities is fixed and the other is free, is that in which 
the entire rod makes its vibrations alternately on each side of the axis, 
which is nowhere intersected by the curve, but only touched at the fixed 
end. This g^ves the gravest sound which can be produced from the rod. 
In the other modes of vibration, the axis is intersected by the curve 1, 
2, 8, or more times. The best means to command the production of 
these sounds is to touch a node of vibration lightly with the finger, and 
to put a vibrating part in motion by a violin-bow. In the second sound 
the number of vibrations is to that of the first as 5^ : 2', or as 25 : 4 ; the 
difference of the sounds is, therefore, two octaves and an augmented fifth. 
Separating thB first sound from the series, the number of the vibrations 
of all the others will be to one another as the squares of the numbers 8, 
5, 7, 9, &c. ; the third, in which there are three nodes, will therefore ex- 
ceed the second by an octave and an augmented fourth ; in the fourth, 
the acuteness will be augmented by nearly an octave ; in the fifth, by 
nearly a major sixth, &c. To reduce to the same pitch all the propor- 
tions of the sounds which such a rod is capable of producing, I shall 
regard the sound corresponding with the most simple motion as the 
one octave lower than the lowest of the piano-forte ; the proportions of 
the sounds will then be — 
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of a cylindrical rod can be confined to a plane^ the vibrations 
will almost always be combined with a circular motion. When 
the pressure on the fixed end is exerted on two opposite 
points, and the rod put in motion in the direction of the 
pressure, the following progression in the changes of form 
will be distinctly observed : — ^The track will commence as a 
line, and almost immediately open into an ellipse, the lesser 
axis of which will gradually extend as the larger axis di- 
minishes, until it becomes a circle; what was before the 
lesser will then become the larger axis ; and thus the motions 
will alternate until, from their decreasing magnitudes, they 
cease to be visible. In the case just described the ellipses 
make a right angle vnth each other ; but by altering the di- 
rection of the motion, so as to render it oblique to the direc- 
tion of the pressure, they may be made to intersect imder 
any required angle ; and when this angle =0 the motion vnll 
be merely vibratory. 

Every single sound formed by the subdivisions of the rod 
will present similar appearances ; but the excursions will be 
smaller as the sound is higher, or, which is the same thing, 

as the number of the vibrations increases. 

« 

In the most simple case of the co-existence of two sounds, 
shown by putting the entire rod in motion, and producing 
also a higher sound by the friction of a bow, the original 
figure will appear waved or indented; and as unity is to the 
number of indentations, so will the number of vibrations in 
the lower sound be to the number in the higher soimd. On 
varying the mode of excitation, by striking the rod in dif- 
ferent parts and with different forces, very complicated and 
beautiful curvilinear forms may be obtained : some of these 
are represented by the figures on p. 26. 

Placing the hand on the lower part of the rod, below the 
place at which it is excited, the excursions of the motions 
will rapidly decrease and exhibit spiral figures. 

To obtain the figures with brilliancy and distinctness, a 

The possible series of sounds, regarding the fundamental as unity, will there- 
fore be : — 1, 6^^ 17f|, 34^, 66^, &c. ; or, expressed in integia numbers 
36, 226, 625, 1225, 2025, fte.— Ghladni. TraiU tTAfWittioye. n. ^l 
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single light only ahould be employed, as that of the am, a 
lamp, or a candle; rays of light proceeding from several 
points, as from a number of candles, or frvm the reflection 
of the clouds, occasion the track to be broad and indistinct ; 
but double lights may be employed with effect, provided they 
be of equal intensity and symmetrically placed; each bead 
will then describe two similar figures. The appearancesrin 
a bright sunshine, are remarkably virid and Imlliant. 

No. 2. Although very beautiful and varied forms may be 
produced from the motion of a single point, yet the compound 
figures which are presented by objects formed by a number 
of points offer appearances still more pleasing to the eye. 
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An olgect being placed boruontally on the plate, and the 
rod being pot in modon, the mutual in- 
tenectiona of the ptnots, each describing I 
a nmilar figure, preaent to the eye com- 
plicated, yet Bymmetric&l figures, re- I 
sembHng elegant Bpecimens of engine- 
taming. 

When the plate is horizontal, the figures I 
are all in one plane ; bat if it be inclined 
or perpendicuhir, the curves being then made in parallel 
planes, gives the idea of a solid figure, and in some cases the 
appearances are particularly striking. 

Complementary colours alone should be employed in the 
objects ; for these harmonizing together, give greater pleasure 
to the eye than an injudicious combination of discordant 
tints : the intensities should be occasionally varied, and 
colourless light intermingled with the different shades. 

No. 3. When this prismatic rod is put in motion, in the 
direction of either of its sides, the points move only recti- 
tineally ; but when the motion is applied in an oblique direc- 
tion, a variety of compound curves is shown : this rod is 
prindpally employed to exhibit the optical phenomena which 
will be afterwards mentioned. 

No. 4. When a rod is straight, the curve produced by any 
point describing its motion, is always in the same plane ; hot 
in a rod bent to any angle the two parts moving most fre- 
quently in different directions, curves are produced whose 
parts do not lie in the same plane. A few trials will soon in- 
dicate the best way of applying the motion so as to cause the 
. two parts to vibrate in different directions. 

Before the conclusion of this subject, I will avail myself of 
the opportunity of observing, that the application of this 
mode of experimenting may be extended to the delineation 
of every description of curvilinear and angnlar motion, when 
the amplitudes of the tracks are not too great ; and by this 
means, it is not improbable that the experimental knowledge 
of many interesting principles in science may be facilitated. 
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On the Duplication and Multiplication of Objects, 

When dark objects are substituted for luminous ones^ their 
tracks become nearly invisible^ and from the longer duration 
of the visual impression at the limits of vibration^ the images 
are multiplied in proportion to the number of points at 
which they are retarded. Place horizontally on the rod 
No. 2 a word printed or written on a piece of card ; in the 
lowest mode of vibration^ at the opposite limits of the excur- 
sions two legible images of the word will be distinctly seen, 
and but an indistinct shade, occasioned by the tracks of the 
letters, will appear in the intermediate space : the vibratory 
moaoi i. im^Lptible to .h. ^e. TheW «?», 4 J 
fore, appear stationary in this respect ; but the diminution of 
the excursions will cause them to approximate very slowly 
and gradually towards the centre : this diminution operates 
so gradually as to allow the images to superpose each other 
completely at each recurring vibration, without producing 
any intermingling or confusion. 

On placing the object perpendicularly, the two images will 
appear in parallel planes, the furthest image appearing 
through the first apparent surface. Small pictures have a 
singular effect applied in this manner. 

When other sounds co-exist with the fundamental, the 
images are multiplied; but they become fainter as their 
number increases : these multiplied images are equally visible, 
whether the vibrations be rectilineal, elliptical, or circular. 

A new Optical Experiment, 

As that property of vision which occasions the apparent 
duration in the same places of visible images after the objects 
which excite them have changed their positions^, has enabled 
us to submit to inspection the phenomena above described, it 
may not be irrelevant to subjoin a description of an apparatus 

* It has been proved by the Chevalier d'Arcy, from the only experi- 
ments approaching to aocnracy which have been made on this subject, 
that the extent of this duration is eight thirds. See his '' Mtooire sur 
la dur^ de la sensation de la vue," Hist de I'Acad., An. 1765. 



A NEW OFnCAL EXPERDISNT. 29 

which illustrates the transient duration of the impressions of 
light in a very evident manner. 

At the back of a wooden firame^ about six inches in height 
and breadth^ and from one to three inches or more in depth, 
a circular plate of glass is placed, upon which a design is 
painted with transparent colours; at the front is placed, 
parallel to the glass, a circle of tin, covered on its exterior 
surface with white paper, and having the space between two 
adjacent radii cut out. This circle moves fi^eely on its centre 
round an axis, supported by a bar in front, and is put in 
rapid and regular motion by the application of any mecha- 
nical principle proper for the purpose; and a catch is so 
placed, that when the motion ceases the aperture shall be 
concealed by the bar which supports the axis. 

If a light be placed behind the transparent painting, and, 
still better, if it be concentrated by a lens, on making the 
circle revolve with rapidity the whole of the picture will be 
rendered visible at one view, although but very limited por- 
tions are successively presented to the eye. 

The intensity will differ in proportion to the excess of the 
transmitted light above that which falls in tront of the circle ; 
it will, therefore, increase the distinctness of the picture, to 
darken the latter as much as possible. 
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IV. Experiments on Audition. 

[From the ' Quarterly Journal of Science/ 1827, pt ii.] 

The recent valuable experiments of Savart* and of Dr. 
WoUaston have added to our stock of information several 
important and hitherto unnoticed phenomena relating to 
audition; but notwithstanding the investigations of these 
distinguished experimentalists^ and though the physiology of 
the ear has beeu an object of unceasing attention for many 
centuries^ yet we are far firom possessing a perfect knowledge 
of the functions of the various parts of this organ. The de- 
scription of new facts illustrative of this subject cannot^ there- 
fore, be devoid of interest ; and though I do not anticipate 
that the observations contained in this communication will 
lead to any important results^ their novelty may claim for 
them some attention from the readers of your Journal. 

§1. 

If the hand be placed so as to cover the ear^ or if the en- 
trance of the meatus auditorius be closed by the finger with- 
out pressure, the perception of external sounds will be con- 
siderably diminished, but the sounds of the voice produced 
internally will be greatly augmented : the pronunciation of 
those vowels in which the cavity of the mouth is the most 
closed, as e, ou, &c., produce the strongest effect ; on articu- 
lating smartly the syllables te and ketv, the sound will be 
painfully loud. 

Placing the conducting stem of a sounding tuning-fork f 

* '* Recheiches but les usagfes de la membrane du tympan et de Toreille 
exteme ; par M. F^lix Savart." Annalea de Chitnie, tome xxTi. p. 1. 

t The tuning-fork consistB of a four-sided metallic rod, bent so as to 
form two equid and parallel branches, having a stem connected with the 
lower curved part of the rod, and contained within the plane of the two 
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on any part of the head when the ears are closed as above 
described^ a similar augmentation of sound will be observed. 
When one ear remains open^ the sound will always be referred 
to the closed ear ; but when both ears are closed^ the soimd 
will appear louder in that ear the nearer to which it is pro- 
duced. If, therefore, the tuning-fork be applied above the 
temporal bone near either ear, it will be apparently heard by 
that ear to which it is adjacent ; but on removing the hand 
from this ear (although the fork remains in the same situa- 
tion), the sound wiU appear to be referred immediately to the 
opposite ear. 

In the case of the vocal articulations, the augmentation is 
accompanied by a reedy sound, occasioned by the strong 
agitations of the tympanum. When the air in the meatus is 
compressed against this membrane by pressing the hand close 
to the ear, or when the eustachian tube is exhausted by the 
means indicated by Dr. Wollaston, the reedy sound is no 
longer heard, and the augmentation is considerably di- 
minished. The ringing noise which simultaneously accom- 
panies a very intense sound proceeds from the same cause, 
and may be prevented by the same means. This ringing 
may be produced by applying the stem of a sounding tuning- 
fork to the hand when covering the ear, or by whistling when 
a hearing-trumpet is placed to the ear. As a proof that the 
resulting augmentation, which, when great, excites the vibra- 
tions of the tympanum, is owing to the reciprocation of the 
vibrations by the air contained within the closed cavity, it 
may be mentioned, that when the entrance of the meatus is 
closed by a fibrous substance, as wool, &c., no increase is 
obtained. 



branches. The branches are caused to vibrate by striking one end against 
a hard body, whilst the stem is held in the hand. The sound produced 
by this instrument when insulated is very weak, and can only be distinctly 
heard when its branches are brought dose to the ear ; but instantly its 
stem is connected with any surface capable of vibratingy a great augmen- 
tation of sound ensues from the communicated vibrations. The facility 
of its insulation and communication renders it a very convenient instru- 
ment for a variety of acoustical experiments. 
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If the meatus and the concha of the ear be filled with 
water, the sounds above mentioned will be referred to the 
cavifcy containing the water, in the same way as when it con- 
tained air and was closed by the hand ; it will be indifferent 
whether any partition be interposed between the cavity and 
the external air, as the water is equally well insulated by a 
surface of air as by a solid body. 

§2. 

The preceding experiments have shown that sounds imme- 
diately communicated to the closed meatus extemus are very 
greatly augmented ; and it is an obvious inference, that if 
external sounds can be communicated so as to act on the 
cavity in a similar manner, they must receive a correspond- 
ing augmentation. The great intensity with which sound is 
transmitted by solid rods, at the same time that its diffusion 
is prevented, affords a ready means of effecting this purpose, 
and of constructing an instrument which, from its rendering 
audible the weakest soimds, may with propriety be named a 
Microphone. 

Procure two flat pieces of plated metal, each sufficiently 
large to cover the external ear, to the form also of which 
they may be adapted ; on the outside of each plate, directly 
opposite the meatus, rivet a rod of iron or 
brass wire about 16 inches in length and 
one eighth of an inch in diameter, and fasten 
the two rods together at their unfixed ex- 
tremities, so as to meet in a single point. 
The rods must be so curved, that when the 
plates are applied to the ears, each rod may 
at one end be perpendicularly inserted into 
its corresponding plate and at the other end 
may meet before the head in the plane of 
the mesial line. The spring of the rods will be sufficient to 
fix the plates to the ears ; but for greater security ribands 
may be attached to each rod near its insertion in the plate, 
and be tied behind the head. 
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A more simple instrument may be constructed to be 
applied to one ear only, by inserting a straight rod perpen- 
dicularly into a similar plate to those described above. 

The Microphone is calculated only for hearing sounds 
"when it is in immediate contact with sonorous bodies : when 
they are diffused by their transmission through the air, this 
instrument will not afford the slightest assistance. 

It is not my intention in this place to detail all the various 
experiments which may be made with this instrument ; a few 
will suffice to enable the experimenter to vary them at his 
pleasure. 

1. If a bell be rung in a vessel of water, and the point of 
the microphone be placed in the water at different distances 
from the bell, the differences of intensity will be very sensible. 
2. If the point of the microphone be applied to the sides of 
a vessel containing a boiling liquid, or if it be placed in the 
liquid itself, the various sounds which are rendered may be 
heard very distinctly. 3. The instrument affords a means of 
ascertaining, with considerable accuracy, the points of a 
sonorous body at which the intensity of vibration is the 
greatest or least : thus, placing its point on different parts of 
the sounding-board of a violin or guitar, whilst one of its 
strings is in vibration, the points of greatest and least vibra- 
tion are easily distinguished. 4. If the stem of a sounding 
tuning-fork be brought in contact with any part of the mi- 
crophone, and at the same time a musical sound be produced 
by the voice, the most uninitiated ear will be able to perceive 
the consonance or dissonance of the two sounds ; the rough- 
ness of discords and the beatings of imperfect consonances, 
are thereby rendered so extremely disagreeable, and form so 
evident a contrast to the agreeable harmony and smoothness 
of two perfectly consonant sounds, that it is impossible that 
they can be confounded. 

§3. 

Apply the broad sides of two sounding tuning-forks, both 
being unisons, to the same ear; on removing one fork to the 
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opposite ear^ allowing the other to remain^ the sensation will 
be considerably augmented. 

It is well known^ that when two consonant sounds are 
heard together, a third sound results from the coincidences 
of their vibrations ; and that this third sounds which is called 
the grave harmonic, is always equal to unity when the two 
primitive sounds are represented by the lowest integral 
numbers. This being premised, select two tuning-forks the 
sounds of which differ by any consonant interval excepting 
the octave : place the broad sides of their branches, while in 
vibration, close to one ear, in such a manner that they shall 
nearly touch at the acoustic axis ; the resulting grave har- 
monic will then be strongly audible, combined with the two 
other sounds ; place afterwards one fork to each ear, and the 
consonance will be heard much richer in volume, but no 
audible indications whatever of the third sound will be 
perceived. 

§4. 

Very acute sounds, such as the chirping of the Gryllus 
campestHs, &c., are rendered inaudible by exhausting the air 
from the Eustachian tube, and thereby producing a tension 
of the membrane of the tympanum. The different thick- 
nesses or tensions of this membrane may therefore occasion 
that diversity of the limits of audibility, with regard to the 
acute sounds, which Dr. Wollaston has pointed out as exist- 
ing in different individuals ; if so, it would be desirable to 
ascertain this limit in individuals in whom the tympanum is 
perforated, or destroyed. 

§5. 

When the auricula is brought forward, all acute sounds 
are rendered much more intense, but no sensible differeuce is 
perceived with regard to the grave sounds. The higher tones 
of glass staccados, or of an octave flute, the ticking of a 
watch, all kinds of sibilant sounds, &c. are thus greatly aug- 
mented : the experiment is easily tried by whistUng very 
shrill notes. A still greater augmentation of the acute 
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sounds is obtained, by placing tbe hands formed into a 
concave behind the ears, and by bending downwards the 
upper part of the auricula, so as to obtain a more complete 
cavity. 

§6. 

I will conclude with the following observation : I had, in 
consequence of a cold, a very slight pain in my left ear ; on 
sounding the regular notes of the piano^forte, C* and C* were 
much louder than the others, and the loudness was much 
increased by placing the hand in the manner above described 
to the left ear. When it was pressed close, or when the 
Eustachian tube was closed, the intensities of all the notes 
were equalized. I attribute this affection to the diminished 
tension of the membrana tympani, which was again increased 
by the operation described. 
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S6 ON THE RESONANCES 



V. On the Resonances^ or Reciprocated Vibrations of 

Columns of Air. 

[From the ' Quarterly Journal of Science/ 1828, vol. iii.] 

An elastic body may be made to assume a vibratory state in 
two ways : — either immediately, by any momentary impulse, 
which, altering the natural position of its particles, allows 
them afterwards to return by a succession of isochronous 
oscillations to their former state ; or, secondarily, by means 
of an immediately sounding body, which causes it to recipro- 
cate to the latter, when* certain conditions, on which depends 
its susceptibility of vibrating in such a manner, are fulfilled. 
This reciprocation, to which, when the eflTect is referred to, 
the term resonance is applied, is eflfected by means of the 
undulations which are produced in the air, or in any fluid or 
solid medium, by the periodical pulses of the original vibra- 
ting body — these undulations being capable of putting in 
motion all bodies whose pulses are coincident with their own, 
and, consequently, with those of the primitive sounding body. 
Galileo observed that a heavy pendulum might be put in 
motion by the least breath of the mouth, provided the blasts 
be often repeated, and keep time exactly with the vibrations 
of the pendulum ; and this remark affords a correct explana- 
tion of the phenomenon. 

Some of the most obvious cases of resonance are : — the 
vibrations of a string when another tuned in unison with it 
is made to vibrate ; the resounding of a drinking-glass to the 
sound of the voice or of a musical instrument, the recipro- 
cated vibrations of a sounding-board conmiunicating imme- 
diately with a vibrating string or tuning-fork, &c. In the 
last mentioned instance, though the string and the fork are 
the original vibrating bodies, the audible sound is dependent 
on the resonance of the sounding-board. 
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As all these effects are well known*, it is unnecessary to 
dilate upon them here ; and I may uninterruptedly proceed 
to the immediate object of the present paper, viz. the inves- 
tigation of the laws of the resonaace or phonic reciprocation 
of columns of air. 

§ 1. If one of the branches of a vibrating tuning-fork be 
brought near the embouchure of a flute, the lateral apertures 
of which are stopped so as to render it capable of producing 
the same sound as the fork, then the feeble and scarcely 
audible sound of the fork will be augmented by the rich reso- 
nance of the column of air within the flutef. The sound 
will be found greatly to decrease by closing or opening 
another aperture; for the alteration of the length of the 
column of air in such case renders it no longer proper to 
reciprocate perfectly the sound of a fork. This experiment 
may be easily tried on a concert flute with a C tuning-fork. 
To insure success, it is necessary to remark, that when a flute 
•is blown into with the mouth, the under lip partly cover- 
ing the embouchure renders the sound about a semitone 
flatter than the sound when the embouchure is entirely un- 
covered; and as the latter must be unison to that of the 
tuning-fork, it is necessary, in most cases, to finger the flute 
for B when a C tuning-fork is employed. 

A similar effect may be produced by substituting, for the 
column of air in the flute, the alterable volume of air con- 
tained within the cavity of the mouth. I have found the 
sounds of tuning-forks reciprocated most intensely by placing 
the tongue, &c. in the position for the nasal continuous sound 
of ng (in song), and then altering the aperture of the lips 
until the loudest sound is obtained. 

§ 2. A column of air may also reciprocate a sound ori- 
ginally produced by a wind instrument, as the following ex- 
periment will show. Place two concert flutes on a table, 

• Biot, 'Traits de Physique,* torn. ii. p. 183. Chladni, 'Traits 
d'Acoustique,' pp. 222, 223. 

t Br. Savart has observed a similar effect by soundibg a bell before a 
large tube enclosing an unisonant column of air (^^ Recherches sur lea 
Vibrations de TAir,*' Annales de Chimie, tom. xxiv.). 
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parallel to^ and at a ahort distance from each other; on the 
one which is nearer^ sound C sharp (all the lateral apertures 
being open)^ and draw out the tube of the second flute so that 
it shall be about a semitone flatter^ to make it equivalent to 
the flattening of the first flute by the partial closing of the 
embouchure by the lip; a material diflTerence will then be 
distinguished in the intensity of the tone by alternately 
closing and opening the first hole of the more distant instru- 
ment^ thereby rendering it incapable or capable of recipro- 
cating the original sound. That this effect is occasioned 
solely by the transmission of the sonorous undulations, and 
not by any wind actually blown into the second flute, is evi- 
dent from the difference being in intensity and not in pitch*. 

This experiment may be varied by placing the fipple of a 
flageolet at a short distance from the embouchure of a flute, 
provided, of course, that the columns of air, both in the 
flageolet and the flute, be capable of producing the same 
note. 

§ 3. A cylindric or prismatic column of air, in a tube open 
at both ends, may vibrate not only in its entire length, but 
also in any number of aliquot parts ; and in all cases the 
number of vibrations is inversely as the length of a single 
vibrating part. As a column of air is capable of reciprocating 
every sound which, according to its different modes of vibra- 
tion, it is itself capable of producing — supposing 1=C* to 
represent the lowest sound of the tube, it will, without any 
change in its length, reciprocate sounds whose relations are 

CI, Ca, GP, C\ E3, G3, Bl>3, CS &c. 

The harmonic subdivisions of a column of air in a tube 

• Lord Bdcon may be said to Lave anticipated this experiment in the 
following passage in 'his ^ Sylva Sylvarum ^ — "The experiments of sym- 
pathy may perhaps be transferred Irom stringed instruments to others ; 
as, if there were two bells in unison in one steeple, to tr}' whether striking 
the one would move the other, more than if it were a different chord ; 
and so in pipe?, of equal bore and sound, to try whether a light straw or 
feather would move in one pipe, when the other is blown in unison with 
it." — Art. Phonics, sect. xxi. {On the iS'ympathy or Antipathy of Sounds 
tcUh one atwther). 
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closed at one end are different : a semi- vibrating part always 
exists near the open end ; but between two nodes^ or a node 
and the closed end^ complete vibrating parts^ as in an open 
tnbe, exist. The fundamental sound above mentioned^ of an 
open tube, is given by a tube closed at one end^ of one half 
its length; the series, corresponding with the subdivisions, 

12 5 7 9 

compared with the above, is C^, G^ E^, B\f, D*, &c., and 
these sounds it can consequently reciprocate. 

§ 4. Any one among several simultaneous sounds may be 
rendered separately audible. Thus, if two vibrating tuning- 
forks, differing in pitch, be held over a closed tube furnished 
with a movable piston, either sound may be made to pre- 
dominate by altering the piston, so as to enable the column 
of air to reciprocate the sound required. The same result 
may be obtained by selecting two bottles (which may be 
tuned with water), each corresponding to the sound of a dif- 
ferent tuning-fork; on bringing both tuning-forks to the 
mouth of each bottle alternately, in each case that sound only 
will be heard which is reciprocated by the unisonant bottle*. 

The phenomenon of a third sound, produced by the coin- 
cidences of the vibrations of two consonant sounds, is well 
known. From what has been premised, it is reasonable to 

* Had Sir Isaac Newton been acquainted with these, or with any 
similar facts, he might have illustrated his theory of the rellections of 
colours by an experimental , instead of a supposititious analogy with the 
reciprocation of sounds. As the passage in which this comparison is 
made is remarkable, I will quote it : — *^ If light be considered without 
respect to any hypothesis, I can as easily conceive that the several parts 
of a shining body may emit rays of different colours, and other qualities, 
of all which light is constituted, as that the several pipes of an organ 
inspired all at once, or all the variety of sounding bodies in the world 
together, should produce sounds of several tones and propagate them 
through the air, confusedly intermixed. And, if there were any natural 
bodies that would reflect sounds of one tone, and stifle or transmit those 
of another, then, as the echo of a confused aggregate of all tones would 
be that particular tone which the echoing body is disposed to reflect, so, 
since there are bodies apt to reflect rays of one colour and stifle or transmit 
those of another; I can as easily .conceive that those bodies, when illumi- 
nated by a mixture of all colours, must appear of that colour only which 
they reflect.** — Philosophical TroMoctiom^ No. 88. 
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suppose that if a column of air be caused to reciprocate this 
third sound, or grave harmonic as it is called, and not the 
two sounds which generate it, it might be heard, uncombined 
with the two other sounds. But .on attempting this experi- 
ment, I was unable, on the following account, to succeed. 

The third sound is always unity when the ratio of the 
lowest sounds is reduced to its lowest terms: thus, with 
respect to a perfect fifth, 2 : 3, the third sound, 1, is an octave 
below the lower sound, and the grave harmonic, 1, of a 
major third, 4 : 5, is two octaves below the lower sound. We 
will suppose this fundamental sound, represented by unity, 
to be the C, corresponding with the sound of an open tube of 
four feet, or of a closed tube of two feet : in the first case, 
the column of air being capable, as explained in § 3, of 
vibrating in any number of aliquot parts, not only the grave 
harmonic, = 1, but the sounds represented by 2 : 3 and 4 : 5, 
will also be reciprocated ; and in the latter case, where the 
subdivisions are as the arithmetical progression 1, 3, 5, 7, 9, 
11, &c., one sound of each consonance will be reciprocated, 
besides the grave sound. The expected result may probably 
still be obtained by employing columns or volumes of air 
whose subdivisions are less regular. 

§ 5. Among the Javese musical instruments brought to 
England by the late Sir Stamford Raffles, there is one called 
the Gender, in which the resonances of unisonant columns 
of air are employed to augment, I may almost say to render 
audible, the sounds of vibrating metallic plates. Of these 
plates there are eleven; their sounds correspond with the 
notes of the diatonic scale deprived of its fourth and seventh, 
and extend through two octaves. The mode of vibration of 
the plates is that with two transversal nodal lines ; and they 
are suspended horizontally by two strings, one passed through 
two holes in the one nodal line, and the other through similar 
holes in the other nodal line of each plate. Under each plate 
is placed an upright bamboo, containing a column of air, of 
the proper length to reciprocate the lowest sound of the 
plate. If the aperture of the bamboo be covered with paste- 
board, and its corresponding plate be struck, a number of 
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acute soDBds only (depeodinf; on the more numerous sub- 
divisions of the plate) will be heard ; but on reoioving the 
pasteboard, an additional deep rich tone is produced by the 
resonance of the column of air within the tube. 

The inatniment from which the annexed drawing was 
taken is at present in the muaeum of the Honourable East- 
India Company ; and there is another specimen in the po^ 
session of Lady Raffles. 



Miaait'K^jm^: 




The O^Dder, Miuicnl Instrutnent of Java. 



The same principle appears to have been employed, in 
more rude forms, in the construction of several Asiatic and 
African instruments; but I am unaware of any instrument 
having yet been manufactured in Europe, in which the uni- 
sonant resonances of columns of air have been made available 
as a means of augmenting the intensity of sounds. I shall 
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shortly publish an account of the several modes I have myself 
devised, and practically employed, for advantageously apply- 
ing this principle. 

§ 6. In the experiments I have hitherto detailed, the reci- 
procating vibrations have always been isochronous with those 
of the original sounding body ; or, in other words, the reso- 
nance and the original sound have always been unisonant. 
The experiment I shall now bring forward will show that 
this is not universally the case, and that there are other 
phenomena of resonance which have never hitherto been in- 
vestigated in their theory, or in their practical applications. 
I took a tube, closed at one end by a movable piston, and 
placed before its open end the branch of a vibrating tuning- 
fork of the ordinary pitch, C ,- the length of the column of 
air was six inches : on diminishing the length of the column 
to three inches, the sound of the tuning-fork was no longer 
reciprocated, but its octave sound (the sound of the column 
when it is directly excited) was produced. By employing a 
graver tuning-fork and tubes of very small diameter, and 
successively adjusting the lengths of the columns of air so as 
to be one half, one third, one fourth, one fifth, &c., of the 
column reciprocating the fundamental sound, the octave, 
twelfth, double octave, seventeenth, &c., to that sound will 
be produced. The relative numbers of the vibrations of these 
sounds, considering the vibrations of the fork as unity, are 
1^ 2, 3, 4, 5, &c. It therefore is evident, from experiment, 
that a column of air may vibrate by reciprocation, not only 
with another body whose vibrations are isochronous with its 
own, but also when the number of its own vibrations is any 
multiple of those of the original sounding body. 

The converse of this law does not hold; for when the 
number of vibrations of a column of air are any sub-multiple 
of those of the original sounding body, there is no resonance. 
To prove this with regard to the octave, let the length of the 
column of air unison to the sound of a fork be doubled, and 
not the slightest trace of the octave below [i.e. the real 
sound of the column) will be perceptible. This negative ex- 
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periment must be tried with a closed tube which is incapable 
of producing a harmonic octave ; an open tube would resound 
resonantly to the fork by its subdivision. 

§ 7. On the law experimentally established in the pre- 
ceding paragraph depends the explanation of the production 
of sounds by the guimbarde or Jew's harp. This simple in- 
strument consists of an elastic steel tongue^ riveted at one 
end to a frame of brass or iron^ the form of which is repre- 
sented in the annexed figure ; the free extremity of the 
tongue is bent outwards to a right angle^ so as to allow the 
finger easily to strike it when the instrument is placed to the 
mouth, and firmly supported by the pressure of the parallel 
extremities of the frame against the teeth. 




The vibrations of the tongue itself correspond with a very 
low sound ; but being placed before the cavity of the mouth, 
the form and dimensions of which are capable of various 
alterations by the motions of the tongue and the lips, when 
the number of vibrations of the contained volume of air is 
any multiple of the original vibrations of the tongue, a sound 
is produced, corresponding to the modification of the oral 
cavity. 

Supposing the primitive sound of the tongue to be C*, the 
series of sounds which it can produce by multiple reciproca- 
tion will be as follows : — 
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Multiples of the original vibratioru of the tongue, 
I...5...3...4...5...6...7...8...9...10...11...12...13...14...16...16etc. 35. 

Corresponding sounds. 
C» C» G C E G Bb C* D E F+ G A- Bb B C etc. C«. 

If the original sound be any other note, another series will 
arise ; but the intervals of the successive sounds will always 
preserve the above relations. By the usual Jew's harps the 
three first sounds of the series cannot be produced, the di- 
mensions of the cavity of the mouth not being sufSciently 
large to reciprocate them. 

The scale above exhibited is evidently too incomplete and 
too defective to allow even the most simple melodies to be 
performed on a single Jew's harp; but the deficiencies may 
be supplied by employing two or more of these instruments. 
Mr. Eiilenstein, by availing himself of the resources afforded 
him by the scales of sixteen Jew's harps, is able to modulate 
through every key, and to produce eflFccts truly original and 
of extreme beauty. Those who have heard only the rude 
twanging to which the performance of this instrument in 
ordinary hands is confined, can have no idea of the melodious 
sounds which, under Mr. Eiilenstein's management, it is 
capable of producing. 

§ 8. The following experiment will prove the accuracy of 
the preceding explanation, and will establish thle true theory 
of the production of sounds by the guimbarde, beyond the 
possibility of doubt. 

I fixed a Jew's harp firmly at the two points where ordi- 
narily it rests against the teeth, allowing suflScient space 
between the two supports for the tongue to vibrate freely to 
its greatest extent ; and I tuned the tongue by applying wax 
to its free extremity, until it sounded C, corresponding to the 
sound of a closed tube four feet in length. I then placed 
before the tongue the open end of a closed tube, containing 
a column of air two feet in length and one inch in diameter, 
and furnished with a movable piston, by which the column 
could be shortened to any required length. On striking the 
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tongue^ the octave of the fundamental sound was produced, 
being the sound 2 of the scale in the preceding section ; by 
shortening the column of air successively to one third, one 
fourth, one fifth, one sixth, one seventh, &c. &c., up to very 
numerous aliquot subdivisions, all the notes of the series 
"were correctly obtained. By marking the diflFerent lengths 
of the piston-rod for each sound of the series, I was able to 
produce the notes of the scale, ascending or descending regu- 
larly, or to fix any sound at pleasure. 

§ 9. No other sounds can be produced by reciprocation 
from columns of air but those perfectly identical with the 
multiples of the original vibrations of the tuning-fork, or the 
tongue of the Jew's harp. On inquiring what takes place 
when the length of the column is intermediate between the 
lengths appropriate to reciprocate two succeeding multiples, 
it will be found, that though each sound of the series is 
heard most audibly when the column is accurately adapted 
to it, yet it may also be heard, unaltered in tune, though 
diminished in intensity, when the column is lengthened or 
shortened within a certain extent, which is greater for the 
lower sounds of the series, and less for the higher, on account 
of the wider intervals between the sounds in the former case. 

It may now be understood in what manner a column of 
air is capable of reciprocating simultaneously two or three 
sounds of a chord. In Mr, EUlenstein's performance this 
effect is thus produced : suppose the perfect major chord C 
is required ; three jew^s harps, incapable of producing lower 
sounds than the fourth of the series^ are selected ; and the 
mouth being made to correspond with the C, the two other 
sounds, E and G, are likewise reciprocated, though faintly, 
because these sounds are nearer that to which the mouth is 
adapted, than any other multiples of the original vibrations 
of the tongues are. 

§ 10. When two imperfect unisons are sounded together, 
the interferences of their undulations give rise to periodical 
alternations in the intensitv of the sound ; this efl'ect is called 
beating ; and the greater the deviation from unison is, the 
more rapid are the beats. From what has been above stated, 
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the same column of air may reciprocate sounds differing in 
pitch; if, therefore, two vibrating tuning-forks, imperfect 
unisons to each other, be brought together over the em- 
bouchure of a flute, or the open end of a tube containing an 
appropriate column of air, the periodical recurrence of the 
beats will be rendered strikingly evident, slowly or rapidly 
succeeding each other, accordingly as the forks are more or 
less in tune with each other. 
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VI. On the Transinission of Musical Sounds through 
Solid Linear Conductors^ and on their subsequent 
Reciprocation. 

[Prom the Journal of the Royal Institution, 1831, voL ii.] 

§ 1. The fact of the transmission of sound through solid 
bodies^ as when a stick or a metal rod is placed with one extre- 
mity to the ear, and is struck or scratched at the other end, 
did not escape the observation of the ancient philosophers ; 
but it was for a long time erroneously supposed £hat an aeri- 
form medium was alone capable of receiving sonorous im- 
pressions ; and in conformity with this opinion, Lord Bacon, 
when noticing this experiment, assumes that the sound is 
propagated by spirits contained within the pores of the body*. 
The first correct observations on this subject appear to have 
been made by Dr. Hooke in 1667 ; who made an experiment 
with a distended wire of sufficient length to observe that the 
same sound was propagated far swifter through the wire than 
through the airf. Professor Wunsch, of Berlin, made, in 

* ''If a rod of iron or hrass he held with one end to the ear, and the 
other he struck upon, it makes a much greater soimd than the same stroke 
upon the rod, when not so contiguous to the ear. By which, and other 
instances, it should seem that sounds do not only slide upon the surface 
of a smooth hody, hut also communicate with the spirits in the pores of 
the hody." — Sylva Sylvarum, Phonics, § 3. "The pneumatical part, 
which is in all tangihle bodies, and has some affinity with air, performs, 
after a sort, the office of the air. Thus the sound of an empty barrel is 
in part created by the air on the outside, and in part by that in the 
inside; for the soimd will be less or greater as the barrel is more or 
less empty, though it communicates also with the spirit in the wood, 
through which it passes from the outside to the inside." — Sylva Syharum^ 
Phonics, § 2. 

t "And though some famous authors have affirmed it impossible to 
hear through the thinnest plate of Muscovy glass, yet I know a way by 
which 'tis easy to hear one speak through a wall a yard thick. It has 
not yet been thoroughly examined, how far otacoustics may be improved, 
nor what other ways there may be of quickening our hearing, or conveying 
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1788, a similar experiment, substituting 1728 feet of con- 
nected wooden laths for the wire, and confirmed Dr. Hooke's 
results*. Other experiments of a similar nature were sub- 
sequently made by Herhold and Rafnf^ Hassenfratz and 
Gay-LussacJ, &c. ; but the first direct observations of the 
actual velocity of sound through solid conductors were made 
by Biot, assisted at diflFerent times by Bouvard and Martin. 
These experiments were made on the sides of the iron conduit- 
pipes of Paris, through the length of 95r25 metres ; and the 
mean result of two observations made in difierent ways gave 
3459 metres, or 11,090 feet per second, for the velocity of 
sound in cast iron§. 

Previously to these last-mentioned experiments, Chladni 
had, in an ingenious manner, inferred the velocity of sound 
in difiTerent solid substances ; and his results are fully con- 
firmed by calculations from other grounds. His method was 
founded on Newton's demonstration, that sound travels 
through a space of a given length filled with air in the 
same time that a column of air of the same length, contained 
in a tube open at both ends, makes a single vibration ||. His 
own discovery of the longitudinal vibrations of solid bodies, 
which are exactly analogous to the ordinary vibrations of 

sounds through other bodies than the air ; for, that that is not the only 
medium, 1 can assure the reader that I have, hy the help of a distended 
wire, propagated the sound to a very considerable distance in an instant, 
or with as seemingly quick a motion as that of light — at least incom- 
parably swifter than that which at the same time was propagated through 
the air, — and this not only in a straight line, or direct, but in one bended 
in many angles." — Preface to Hooke's *• Micrographia,^ 

• Acad. Berl., deutsch. Abh. 1788, p. 87. 

t Reirs *Archiv fiir die Physiologie,* vol. iii. no. 3, p. 178. 

X 'Annales de Chimie,' tome liii. p. 64. 

§ M^moires de la Soci^t^ d'Arcueil, tome ii. p. 403. 

II A single vibration is here considered as the motion of the vibrating 
body between the two opposite limits of its excursion ; and with this sig- 
nification the expression is adopted by Chladni. Other authors, however, 
regard this, with Newton and Sauveur, as a semivibration, and call an 
entire vibration the motion of the vibrating body from one limit of its 
excursion imtil it again arrives at the same limit. This difierence of 
meaning attached to the same term has given rise to several mistakes. 
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columns of air^ enabled him to apply this proposition to solid 
bodies^ and to establish the general law that sound is pro- 
pagated through any elastic substance in the same time in 
which this substance makes one longitudinal vibration. In 
this manner he ascertained the velocities of sound in the fol- 
lowing substances^ among others : tin 7800^ silver 3900^ 
copper 12,500; glass and iron 17,500, and various woods from 
11,000 to 18,000 feet in a second. 

From the experiments of M. Perollc^, it would appear that 
the intensity with which sound is communicated through 
solid matters is nearly in proportion to the velocity of its 
transmission. 

§ 2. In all the experiments above alluded to, the sounds 
transmitted were either mere noises, such as the blow of a 
hammer, or, as in Herhold and Rafri's experiment, a single 
musical sound, produced by striking a silver spoon attached 
to one end of the conducting wire ; and in no case were any 
means employed for the subsequent augmentation of the 
transmitted sound. I believe that, previous to the experi- 
ments which I commenced in 1820, none had been made on 
the transmission of the modulated sounds of musical instru- 
ments; nor had it been shown that sonorous undulations, 
pippagated through solid linear conductors of considerable 
length, were capable of exciting, in surfaces with which they 
were in connexion, a quantity of vibratory motion, sufficient 
to be powerfully audible when communicated through the 
air. The first experiments of this kind which I made were 
publicly exhibited in 1821, and notices of them are to be 
found in the ' Literary Gazette,^ 'Ackerman'a Repository,' 
and other periodicals of that year. On June 30, 1823, a 
paper of mine was read by M. Arago, at the Academy of 
Sciences in Paris, in which I mentioned these experiments, 
and a variety of others relating to the passage of soimd 
through rectilinear and bent conductors f. I propose, in the 
present instance, to give a more complete detail of these ex- 

* 'Journal de Physique,' tome xliz. p. 882. 

t An abridgment appeared in the 'Annates de Ohimie/ July 1823, 
and the entire paper in the 'Annals of Philosophy/ August 1823. 
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periments than I have yet published ; and at the same time 
to add what additional facts my subsequent experience has 
furnished me on the same subject. 

§ 3. Before proceeding any further, it will be necessary to 
make a few observations on the augmentation of sound which 
results from the connexion of a vibrating body with other 
bodies capable of entering into simultaneous vibration with 
it. This participation of the vibrations of an original sound- 
ing body is called resonance, or reciprocation of sound. 

Sonorous bodies are audible (the extent of their excursions 
being supposed equal) in proportion to the quantity of their 
vibrating surfaces. Thus, a plate of glass or metal is capable 
of producing powerful sounds without accessory means ; but 
the sounds of vibrating bodies of smaller dimensions, such as 
insulated strings or tuning-forks, are scarcely audible at a 
moderate distance from the ear ; but the sounds of the latter 
are capable of considerable augmentation when communi- 
cated to siirfaces, as when they are placed to a table, or to 
the sounding-board of a musical instrument. 

There are several circumstances which influence the inten- 
sity of the resonance of a sounding-board. The principal of 
these is the plane in which the vibrations of the sounding 
body are made with respect to the reciprocating surface. 
Thus, its vibrations may be so communicated as to be per- 
pendicular, or normal to the surface, in which case the 
sound is the most greatly augmented ; or they may be tan- 
gential to, or in the same plane with the* surface, when the 
sound is the most feeble. The first of these cases may be 
illustrated by placing a vibrating tuning-fork perpendicularly 
to the surface of a flat board ; and the second, by placing it 
perpendicularly to one of the edges of the board. In inter- 
mediate positions — viz. when the vibrations are commimicated 
obliquely to the surface — the sound will be found to have 
intermediate degrees of intensity. 

These facts, which the extensive investigations of Savart 
place in full evidence, being understood, the peculiarities of 
the sounding-boards of various musical instruments admit of 
easy explanation. 
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The sounding-board of the piano-forte is better disposed 
than that of any other stringed instrument, as the planes of 
the vibrations of the strings are, on account of the direction 
in which they are struck by the hammers, always perpen- 
dicular to its surface. The diflFerence of intensity when a 
string vibrates in this way, and when it vibrates parallel to 
the surface, is very obvious, and may be easily tried by 
striking it with the finger in these two directions*. There 
is no other instrument now in use in which the strings make 
their vibrations perpendicular to the sounding-board. 

In the guitar, lute, &c., the strings are also parallel to the 
sounding-board, but the vibrations must, for the convenience 
of performance, be made obliquely to it. If the sides of the 
instrument be of inconsiderable depth, and the back be flat, 
the difference of intensity between the perpendicular and 
oblique vibrations will be very sensible. But if the sides be 
deep, very little difference will be perceived, as the vibrations 
which are tangential to the front sounding-board are perpen- 
dicular to the sides, which thus enter readily into normal 
vibrations ; this fact may be proved by placing the ear to the 
side of a guitar while a string is made to sound with its plane 
of vibration successively parallel and perpendicular to it. In 
some instruments, as the lute, mandoline, &c., the back is 
polygonal or curved;, by this construction a considerable 
portion of the resonant surface enters into normal, or nearly 
normal, vibrations when the strings are struck obliquely to 
the principal sounding-board. 

These laws are not so immediately applicable to the violin, 
and other instruments of the same class ; an extensive series 
of experiments will yet be necessary to enable us to account 
for the peculiarities of their forms, their various curvatures, 
and the functions of that irregular conductor, resting on the 

* It sometimes happens, when the impulse is oblique to the direction 
in which the Btring presses on the bridge, that its plane of vibration 
assumes a rotary motion ; the periodical changes of intensity thus occa- 
sioned produce an effect similar to that of the beating of imperfect uni- 
sons. This phenomenon is generally erroneously attributed by tuners to 
a &ulty string. 

K 2 
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sounding-board at two points only^ which in these instru- 
ments is called the bridge. The investigations of Savart still 
leave much to be desired oq this head. 

In no instrument are the strings perpendicular to the 
sounding-board j for in such case, however a string were 
made to vibrate, its communicated vibrations would be tan- 
gential. But they are sometimes placed obliquely, as in the 
harp, and then the same changes of intensity may be observed 
as when the strings are parallel to the board ; for if the plane 
of their vibrations coincide with that of the inclination of the 
board, the communicated vibrations of the board will be 
oblique to its surface, and the intensity will be at its maxi* 
mum ; but if they be perpendicular to this plane, the com- 
municated vibrations must be tangential to this surface, and 
consequently the intensity will be at its minimum. 

Besides the proper adaptation of sounding-boards, there 
are other circumstances on whibh the tones of a stringed in- 
strument materially depend. One of the most important of 
these is, the proper dimensions of the volume of air contained 
within the sides. The laws of these resonant cavities have 
occupied the attention of Savart ; but the obvious use of the 
bars placed within these cavities to divide the mass of air, and 
thus to enable it to vibrate more readily in separate portions, 
seems to have escaped his notice. 

§ 4. In the piano-forte, the guitar, &c., the ends of the 
strings are not in immediate contact with the sounding- 
board, but they rest on bars of wood, which are called bridges, 
through which the vibrations are communicated to the board. 
In these instruments the bridge is usually about half an inch 
in height, and in the violoncello does not exceed three inches. 
To ascertain how far the distance might be extended between 
the string and the sounding-board of a piano-forte without 
injury to the tone, I substituted a glass rod five feet in length 
for the bridge, and by placing at its end a string stretched 
on a steel bow, I found that the sound of the string was as 
distinctly audible as when it was immediately in contact with 
the board ; a tuning-fork placed at the end of the rod gave 
the same result. These experiments, which were the first I 
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made on the subject^ and which suggested all the subsequent 
ones^ have been repeated in the theatre of the Eoyal Institu- 
tion on a larger scale. A series of connected deal rods, forty 
feet in lengthy was suspended so as to extend, in a straight 
line, obliquely from an open window of the cupola, to within 
a short distance of the floor of the room ; on the upper end 
of this conductor, an assistant placed the stem of a vibrating 
tuning-fork ; when no sounding-board was placed at the lower 
extremity of the conductor, no sound was heard, but it 
became powerfully audible the instant the communication 
was made : this experiment was repeated with difierent acute 
and grave toned tuning-forks, employed both in combination 
and in succession. 

Tuning-forks are the most convenient instruments for 
making experiments on the transmission of sound, because 
their vibrations are almost inaudible by themselves, and only 
become strongly audible when augmented by resonant sur- 
£Eu;e8. 

§ 5. The vibrations of the sounding-board of any stringed 
instrument may be communicated in the same manner as 
those of a string, or of a tuning-fork, to a distant sounding- 
board by means of a metallic, glass, or wooden conductor; 
but in this case it is necessary to prevent the original sounds 
from being heard through the air, otherwise the communi- 
cated sounds will not be distinguishable from them. This 
may be eflFected by placing the originally vibrating, and the 
reciprocating instruments in difilerent rooms, and allowing 
the conductors to pass through the floor or wall separating 
the two rooms. 

In the passage of the conducting-rod or wire through these 
partitions care must be taken to prevent its touching their 
sides; for this purpose a tin tube, covered at its two ends 
with leather, or india-rubber, may be inserted in the par- 
tition^ and the conductor be made to pass thror^h holes in 
these coverings, so as not to touch the side of the tube. 

A square piano-forte is a very convenient instrument to 
employ in these experiments. If the sound is to be trans- 
mitted upwards, nothing more is requisite than to open or 
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remove the lid of the instrument^ and to allow the conductor 
to rest upon the sounding-board. A metallic wire is not 
sufficiently rigid to support itself thus without bending; a 
rod of some straight-fibred wood^ as lancewood or deal^ is 
therefore better adapted for this form of the experiment ; the 
lower end of the rod must be reduced in thickness^ so as to 
allow it to pass between two adjacent strings; and the best 
place to make the contact will be found to be about a quarter 
of an inch from the bridge^ among the middle notes^ and on 
the side occupied by the unvibrating portions of the strings. 
The reciprocating instrument in the room above^ may be a 
guitar or any other similar instrument, or a harp ; in which 
latter case, the rod may be brought in contact with the inner 
surface of the belly of the instrument, through one of the 
apertures of the swell. These were the forms under which 
the experiments have been repeated at the Royal Institution. 
If the sounds of the piano-forte are to be transmitted down- 
wards, a brass wire, about the thickness of a goose-quill, will 
suffice for the communication, as the weight of a recipro- 
cating instrument suspended from it below will keep it suffi- 
ciently straight. To bring the conducting wire into contact 
with the \mder surface of the sounding-board of the piano- 
forte, an aperture must be made in the bottom of the instru- 
ment immediately below the intended point of contact ; and 
to ensure a perfect connexion with the sounding-board, it is 
advisable to furnish the wire with a shoulder just below its 
entrance into the aperture, and to occasion an upward pres- 
sure on this shoulder, by a piece of leather stretched on a 
ring (as in the insulating-tube above described) and placed 
at the end of a strong steel spring, the other end of which is 
screwed firmly to the bottom of the instrument. To assist 
in supporting the wire, another shoulder may be made on it, 
so as to rest upon the upper covering of the insulating-tube 
which passes through the floor ; and the reciprocating instru- 
ment may be suspended by inserting the end of the wire into 
the sounding-board, and then securing it by a nut and screw 
on the opposite side. The form of the resounding instru- 
ment is a matter of choice ; but, in order to obtain the freest 
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and loudest tones^ it is requisite to have the principal vibra- 
ting surface perpendicular to the conducting- wire. It is in- 
structive to observe the gradual changes in the intensity and 
the quality of the transmitted sounds^ when the sounding- 
board is made to pass through the various degrees of obliquity 
from a perpendicular direction to the conductor^ until it is in 
the same plane with it ; or, to employ Savart's language^ as 
the communicated vibrations change from normal to tangen- 
tial ; in the latter case^ the sounds have a subdued^ and what 
is ordinarily called a metallic quality. In the first public 
experiments I made in 1821, the reciprocating instrument, 
which was the representation of an ancient lyre, was so con- 
structed as to produce tangential vibration ; the tones were 
consequently far inferior to what I have since been able to 
produce. The transmitted sounds are not sensibly impaired 
when the wire is separated at several places, and the disunited 
parts fastened together by mechanical contact. The annexed 
woodcut (p. 56) represents the divisions of the conducting- 
wire, which I found it convenient to make in the original 
form of the experiment, for the sake of portability and faci- 
lity of removal ; but, if the apparatus be intended as a fixture, 
it will be easier and better to employ but one length of wire. 
The wire consisted of four portions : the first part touched 
the soimding-board of the piano-forte, and reached halfway to 
the floor ; the second passed through the insulating-tube in 
the floor, and terminated when it reached the ceiling of the 
room below in a hook ; a third part was suspended from this 
hook by a loop ; and the fourth, after identifying itself with 
one of the apparent wires of the lyre, passed within the in- 
strument, and was ultimately fixed, at its lower end, to the 
point marked at the end of the dotted line on the sounding- 
board; each of the disunited parts were allowed to overlap 
each other at a and i, and were fastened together by means 
of a clamp with a screw-nut. The whole apparatus thus pre- 
pared may be easily removed : the clamps being unscrewed 
and the resounding instrument removed, the lower wire must 
be unhooked from the ceiling, the hook unscrewed, and the 
middle wire withdrawn from the insulating- tube; the time 
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for fixing or removing the apparatus need not exceed a few 
minutes. 

From what has preceded, it will be obvious in what manner 
two square piano-fortes or two harps may be so connected as 
mutually to reciprocate each other's sounds; by such an 




on-angement, two perfonnere in different rooms may play a 
duet together to two distinct audiences, or one may echo the 
performance of the other. If the transmission is required to 
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be homontaly i.e. between two rooms on the same floor^ 
cabinet piano-fortes must be employed. 

The sounds of an instrument may be at the same time 
transmitted to more than one place : for instance^ communi- 
cations may be made from a square piano-forte to a resound- 
ing instrument above, and to another below; and the com- 
munication may be even continued through a series of re- 
ciprocating instruments. If the instruments be not in ad- 
jacent rooms, but be further removed from each other, a 
person in the intermediate room, through which the con- 
ductor passes, will hear no sound but what is communicated 
by the ordinary means. Hence it would be possible to ex- 
tend a horizontal conductor through a series of rooms belong- 
ing to different houses, and (provided the instrument con- 
nected with one of its extremities be constantly played upon) 
to hear at pleasure the performance in any of these rooms, 
by merely attaching a reciprocating instrument to the con- 
ductor ; on removing this instrument, the sonorous undula- 
tions would pass inaudibly to the next apartment. These 
abservations will equally apply to the transmission of other 
musical soimds which will be hereafter noticed (§ 6, 7). 

§ 6. The transmission of the soimds of those stringed in- 
struments which produce sustained sounds, as the violin, 
violoncello, &c., is equally effective. The conducting-rod 
may be applied either to the back or the front of the instru- 
ment; no precise directions can be given with respect to the 
points at which the contact should be made ; but, in general, 
the effect has appeared to me better when the end of the 
conductor has not been too far removed from the situation of 
the sound-post. 

§ 7. I have been able to effect the transmission of the 
sounds of reed wind-instruments through solid conductors as 
perfectly as that of instruments dependent on the vibrations 
of sounding-boards. In the clarionet, or any other reed in- 
strument, the column of air and the vibrating tongue (or 
reed) mutually influence each other in such a manner that, 
whether the soimds be communicated to the atmosphere from 
the column of air^ or to a solid conductor from the vibrating 
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tongue^ the quality (timbre) of the sound undergoes no 
change. 

To connect the conducting wire, which may be of brass^ 
and about a tenth of an inch in diameter^ with the tongue 
of the clarionet, the end of the wire must be bent for about 
a quarter of an. inch, and then filed fiat on both sides. This 
flattened end must be fastened to the fixed end of the tongue 
by the silk wrapping which usually fastens the tongue only, 
and the angle of the bend be adjusted so as to suit the posi- 
tion of the performer. If the sound is to be transmitted 
downwards, the embouchure of the clarionet must be placed 
in the performer's mouth in the usual way, viz. the tongue 
of the reed resting on the under lip ; but if the sound is to 
be transmitted upwards, the performer must play, as some 
eminent masters of this instrument do, with the tongue ap- 
plied to the upper lip. For the bassoon or the hautbois, it 
is equally convenient to the performer, whether the wire be 
applied to the reed above or below. 

The resounding instrument may, as in the experiments 
above detailed, be either a harp, a piano-forte, or a guitar. It 
is a singular effect to hear the sounds of a wind-instrument 
thus reproduced by a sounding-board. 

§ 8. The experiments I have made with respect to other 
classes of wind-instruments have not been equally successful. 
It is not possible to communicate the vibrations of the air to 
a solid conductor without an enormous loss of intensity ; if, 
however, the intermediation of other bodies which enter 
readily into vibrations from the agitations of the air, be em- 
ployed, the transmission may in some measure be efiected. 
Thus, if the end of the conducting-wire be placed in the most 
strongly vibrating part of the column of air in a flute, there 
is but little perceptible transmission of sound; but if the 
wire touch the side of the instrument, it will more readily 
transmit the sounds, as the side is susceptible of entering into 
vibration. Even in this latter case, the sounds are scarcely 
audible, unless the ear be held close to the resounding in- 
strument. 

In a similar manner, the sounds of an entire orchestra 
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may be transmitted — viz. by connecting the end of the con- 
ductor with a properly constructed sounding-board^ so placed 
as to resound to all the instruments. The effect of an expe- 
riment of this kind is very pleasing ; the sounds^ indeed^ have 
80 little intensity as scarcely to be heard at a distance from 
the reciprocating instrument ; but on placing the ear close 
to it^ a diminutive band is heard^ in which all the instru- 
ments preserve their distinctive qualities^ and the pianos and 
fortes^ the crescendos and diminuendos^ their relative con- 
trasts. Compared with an ordinary band^ heard at a distance 
through the air^ the effect is as a landscape seen in miniature 
beauty through a concave lens^ as compared with the same 
scene viewed by the ordinary vision through a murky atmo- 
sphere. 

§ 9. In the preceding experiments on the transmission of 
sound through solid bodies^ the conductors have been repre- 
sented as straight; but^ though sound is transmitted the 
more readily through straight conductors, it will yet pass, 
though with diminished intensity, through rods with angular 
and curved bendings. If a vibrating tuning-fork be placed 
at one end of a straight brass rod, the other end of which 
rests perpendicularly upon a sounding-board, the vibrations 
will, in accordance with what has been above stated, be 
powerfully transmitted. On gradually bending the rod at 
any part of its length, while the vibrations of the tuning-fork 
are kept in the same plane with the angle of the bent rod, the 
transmitted sound will progressively decrease in intensity, 
and will be very feeble when the angle has become a right 
one ; as the bending is continued so as to make the angle 
between the two parts of the rod more acute, the intensity 
of the sound will increase in the same order in which it had 
before diminished ; and when the two parts of the rod are 
nearly parallel, the sound will be nearly as loud as when the 
transmission was rectilineal. If, during the gradual bending 
of the rod, the plane of the vibrations of the tuning-fork be 
perpendicular to the plane of the angle made by the two 
parts of the rod, the same change will be observed, but in a 
more obvious manner than in the former case ; and when the 
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angle becomes a right one^ the sound will be scarcely per- 
ceptible. At intermediate inclinations of the two planes^ the 
gradations of intensity^ occasioned by the bending of the rod, 
will be found to be intermediate. 

The changes of intensity dependent on the variation of the 
angle of the two planes may be instructively shown by bend- 
ing the rod permanently to a right angle, and placing, as 
before, the stem of a tuning-fork so as to form the prolonga- 
tion of one of the parts of the rod, the other part of the rod 
resting on the sounding-board. On gradually turning the 
tuning-fork round the axis of its stem, without inclining it 
to the rod, the plane of the vibrations will assume every angle 
with respect to the plane in which the two parts of the rod is 
bent. During the revolution it will be observed, that when 
the planes coincide the intensity will be at its maximum, 
and when they are perpendicular to each other at its minimimi : 
thus, supposing the sound to commence when the two planes . 
are parallel, it will gradually diminish until they make an 
angle of 90^ ; it will then increase through the same changes 
of intensity, in an inverted order, until it acquires its 
maximum at 180"; it 'will again decrease between this and 
270", and increase until it arrives at its first position at 0". 
If the stem of the tuning-fork be placed perpendicularly on 
the side of a conducting-rod resting on a sounding-board, the 
same phenomena may be observed ; the stem of the tuning- 
fork is, in fact, a short conductor, forming a right angle with 
the rod. 

Were it necessary for the transmission of sound that the 
undulations should propagate themselves only rectilinearly, 
it is obvious that they would not pass through a bent rod ; 
and, on the other hand, had they the property of diffusing 
themselves equally in all directions, we should not observe 
any differences of intensity in the experiments above noticed. 
These experiments lead us to conclude that sound diffuses 
itself in all directions, though unequally ; that it is commu- 
nicated more readily in the plane in which the original vibra- 
tions are made, and with the greatest degree of intensity in 
the direction of these vibrations. 
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§ 10. In most of the experiments relating to the transmis- 
sion of the sounds of musical instruments^ which I have in 
the preceding paragraphs detailed, the conductor has been 
represented as receiving its impulses from a surface vibrating 
normally^ to which it was perpendicularly attached ; the com- 
munication was consequently effected by longitudinal undu- 
lations in the conducting-wire. But if, while the conductor 
retains its position^ the surface were to vibrate tangentially 
or obliquely^ the communication would be effected by trans- 
versal or oblique undulations. 

In practice it is preferable to employ the longitudinal un- 
dulations for the purpose of transmitting musical sounds to 
a distance : for^ firstly^ the transmission is more eflScacious ; 
and^ secondly^ the transverse imdulations have a great ten- 
dency to communicate themselves laterally from the con- 
ductor to the surrounding medium^ and thereby to become 
audible without the assistance of a reciprocating instrument. 
This lateral dispersion is scarcely observable with small con- 
ductors^ but is very obvious when a rod of considerable dia- 
meter is employed. 

I had an opportunity of observing this fact while repeating 
some of the preceding experiments at the Royal Institution. 
A square piano-forte was placed in the apartment beneath the 
lecture-room ; and a conductor^ placed perpendicularly to its 
sounding-board^ passed through the floor separating the two 
rooms^ but no reciprocating sounding-board was placed at its 
upper end. By this arrangement^ longitudinal undulations 
were communicated to the conductor ; and, whether this was 
a brass wire one tenth of an inch in diameter or a square deal 
rod half an inch thick, the insulation appeared to be equally 
perfect. But it was not so when the conductor, instead of 
being placed on the sounding-board of a piano-forte, was made 
to rest on the top of the bridge of a violin, and the strings 
put into vibration by drawing a bow across them, communi- 
cated transverse vibrations to the conductor ; it was now ob- 
served, that the metal wire insulated the sound tolerably 
well, but that when the woqden rod was employed, the sound 
communicated to the air from the entire surface of the por- 
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tion of the rod above the floor^ was nearly as loud as if a 
sounding-board were placed at its extremity. 

§ 11. I have in this paper given the general results of a 
variety of experiments made at different and distant periods 
during the last ten years ; but they are far from forming so 
complete a course as I have been desirous of making. To 
extend these experiments much further would be attended 
with some diflSculties ; but as the velocity of sound is much 
greater in solid substances than in air^ it is not improbable 
that the transmission of soimd through solid conductors^ and 
its subsequent reciprocation^ may hereafter be applied to 
many useful purposes. Sound travels through the air at the 
rate of 1142 feet in a second of time ; but it is communicated 
through iron wire^ glstss^ cane, or deal-wood rods with the 
velocity of about 18,000 feet per second, so that it would 
travel the distance of 200 miles in less than a minute. 

When sound is allowed to diffuse itself in all directions as 
from a centre, its intensity, according to theory, decreases as 
the square of the distance increases ; but if it be confined to 
one rectilinear direction, no diminution of intensity ought to 
take place. But this is on the supposition that the conduct- 
ing-body possesses perfect homogeneity, and is uniform in its 
structure, — conditions which never obtain in our actual ex- 
periments. Could any conducting substance be rendered 
perfectly equal in density and elasticity, so as to allow the 
undulations to proceed with a uniform velocity without any 
reflections or interferences, it would be as easy to transmit 
sounds through such conductors from Aberdeen to London, 
as it is now to establish a communication from one chamber 
to another. Whether any substance can be rendered thus 
homogeneous and uniform remains for future philosophers to 
determine. 

The transmission to distant places, and the multiplication 
of musical performances, are objects of far less importance 
than the conveyance of the articulations of speech. I have 
found by experiment that all these articulations, as well as 
the musical inflexions of the voice, may be perfectly, though 
feebly, transmitted to any of the previously described reci- 
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procating instruments by connecting the conductor^ either 
immediately with some part of the neck or head contiguous 
to the larynx, or with a sounding-board, to which the mouth 
of the speaker or singer is closely applied. The almost hope- 
less difficulty of communicating sounds produced in air with 
sufficient intensity to solid l)odies^ might induce us to despair 
of further success ; but could articulations similar to those 
enounced by the human organs of speech be produced imme- 
diately in solid bodies, their transmission might be effected 
with any required degree of intensity. Spme recent investi- 
gations lead us to hope that we are not far from effecting 
these desiderata ; and if all the articulations were once thus 
obtained, the construction of a machine for the arrangement 
of them into syllables, words, and sentences, would demand 
no knowledge beyond that we already possess.- 
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VII. On the Figures obtained by stremng Sand 
on Vibrating Surfaces^ commonly called Acoustic 
Figures. 

[From the Philosophical Transactions of the Royal Society, 1833, 

pp. 693-634.] 

§1. 

Half a century has nearly elapsed since the attention of 
philosophers was first called to the carious phenomena exhi- 
bited when sand is strewed on vibrating surfaces. Long 
before this time^ Galileo had noticed that small pieces of 
bristle laid on the sounding-board of a musical instrument, 
were violently agitated on some parts of the surface, whilst 
on other parts they did not appear to move ; and our own 
countryman Dr. Hook, whose sagacity in anticipating many 
of the discoveries of later times has been so frequently re- 
marked, had proposed to observe the vibrations of a bell by 
strewing flour upon it. But to Chladni is due the sole merit 
of having discovered the symmetrical figiires exhibited on 
plates of regular forms when caused to sound. His first in- 
vestigations on this subject, ' Entdeckungen iiber die Theorie 
des Klanges,^ were published in 1787; this work was fol- 
lowed by his 'Akustik' in 1802, and his 'Neue Beytrage 
zur Akustik,' 1817. A French translation, by himself, of his 
second work was published at Paris in 1809. 

All the figures obtained by Chladni on square surfaces are 
delineated in plates I., II., III. ; they are copied from the 
' Neue Beytrage,' which work contains his most mature expe- 
riments ; but not having been translated either into French 
or English, it is but little known in this country. The fol- 
lowing are the general results deduced by Chladni from his 
observations respecting these figures: his works may be 
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referred to for the details omitted^ and for those concerning 
the vibrations of plates in general 

In all the modes of vibration of a square or rectangular 
plate^ the figures^ even if they consist of diagonal or tortuous 
lines, may all be referred to a certain number of nodal lines 
in the two directions parallel to the sides. 

To establish a convenient notation for these figures, he 
represents the lines in the two directions by numbers 8epa« 
rated by a vertical line. Thus, for example, 3|0 signifies the 
mode of vibration, in which there are three lines in one direc- 
tion and none in the other ; 5|2 denotes that in which there 
are five lines parallel to one side, and two to the other, &c. 

The nodal lines, which may always be considered as having 
been originally straight, may curve themselves more or less ; 
and in general the flexions of these lines, whether they adjoin 
each other or are separated by a straight line, mutually ap- 
proach to or recede from each other. In some modes of 
vibration the nodal lines are never straight. 

In some instances, the same mode of vibration may mani- 
fest itself in two essentially different ways, according as the 
flexions of the lines, or the greater number of them, are 
inward or outward; in the first case, the sound is usually 
graver than in the second. This difference is remarked in 
those figures where there is an entire number of flexions, as 
in 2|0, 3|1, 4|0, 5|3, 6|2, &c. ; but never in those figures where 
there are 1^, 2^, &c., as in 3|0, 4|1, 5|0, 5|2, &c. To di- 
stinguish the first from the second figiire, Chladni places a 
horizontal line above the numbers in the first case, and below 

them in the second case, thus, 4|2, 4i2. 

When two or more figiires having the same notation, occur 
in the Table, the others are to be considered as distortions of 
the first, occasioned by altering the fixed points, and the 
place at which the bow is applied. 

If four plates of the same size, and upon which the same figure 
has been produced, be placed together so as to form a larger 
square, this compound figure may also be more or less accurately 
produced on a single larger plate. Several instances of this may 
be seen by reference to the Table of figures. (Plates I., II., III.) 

F 
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The figures placed as exponents indicate the octaves in which the 
sounds occur; and the characters + and — denote that the sounds to the 
characters of which they are affixed are respectively sharper and flatter 
than the true intervals. 
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The preceding Table contains the relative sounds (expressed 
both by their musical names and the number of their vibra- 
tions) of all the modes of vibration of a square platCj experi- 
mentally ascertained by Chladni. The horizontal series of 
numbers denotes the lines parallel to one of the sides^ and 
the vertical series those parallel to the other. 

Having thus briefly stated the general results deduced by 
Chladni from his experimental researches^ I shall proceed to 
dass and analyze the phenomena ; and I shall endeavour to 
show^ that all the figures of vibrating surfaces are the resul- 
tants of very simple modes of vibration^ oscillating isochro- 
nously^ and superposed upon each other; the resultant figure 
varying with the component modes of vibration^ the number 
of the superpositions^ and the angles at which they are super- 
posed. In this first part of the investigation I shall confine 
myself to the figures of square and other rectangular plates. 

§2. 

The most simple modes of vibration of a rectangular sur- 
face are those which exhibit quiescent lines parallel to one of 
its edges. Euler has theoretically established^ that a rod or 
band^ having both its ends unfixed^ can vibrate with 2, 8, 4, 
5 J 6, &c. quiescent lines parallel to the ends^ and that the 
corresponding numbers of vibrations are very nearly as the 
squares of the arithmetical progression S, 5, 9, 11^ &;c. These 
conclusions are frdly confirmed by experiment. He has 
proved, moreover, that when the same mode of vibration of 
different plates is compared, the number of vibrations is in- 
versely as the square of the length of the plate, but that 
increase of breadth occasions no difference in the sound ; and 
that the distance from a free end to a quiescent line is rather 
less than half the distance between two quiescent lines. 

Pig. 1. a. Plate IV., shows the number and situations of 
the quiescent lines in the first four modes of vibration of this 
series. Pig. 1. b. and c. are profiles of the preceding, and 
represent the curvature of each parallel fibre perpendicular 
to the quiescent lines at the two opposite limits of their 
vibration. The quantity of motion at each point is indicated 

f2 
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by the corresponding ordinate of the curve, and its direction 
hj its situation above or below the horizontal line. It will 
be convenient to distinguish these states of motion^ in which 
every corresponding point is moving in direct opposition/ 
and I shall therefore call the first, b. positive states of vibra- 
tion, and the second, c. negative states of vibration. When 
there is an even number of quiescent points, the positive 
state of vibration may be considered as that in which the 
motion at the central part is above the plane of equilibrium, 
and the negative, that in which it is below it. If we suppose 
two similar surfaces with the same number of quiescent lines 
to be superposed, and both to vibrate in concurrence, i. e. 
both either positively or negatively, they will mutually assist 
each other's effects ; but if they vibrate in opposing direc- 
tions, they will destroy each other's motions, and the entire 
surface will be at rest. 

§3. 

When the rectangular surface is equilateral, it is obvious 
that it may vibrate in two different rectangular directions, so 
as to give the same sound, and present the same arrangement 
of quiescent lines. Now this plate may be excited at various 
points where the motion of each mode of vibration is at its 
maximum, in the same direction, and of equal intensity : 
such being the case, there is no reason why one mode of 
vibration should be produced in preference to the other ; and 
on calculating the effect of such coexistence, it will be found 
that the resultants of these combined modes of vibration, 
similar in everything but in their direction with regard to the 
sides of the plate, give rise to new quiescent lines which accu- 
rately correspond with figures described by Chladni; while 
the number of vibrations does not materially differ from that 
of the component modes of vibration. 

The principal results of the superposition of two similar 
modes of vibration are these: 1st, The points where the 
quiescent lines of each figure intersect each other, remain 
quiescent points in the resultant figure ; 2ndly, The quiescent 
lines of one figure are obliterated when superposed by the 
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yibrating parts of the other ; Srdly, New quiescent points^ 
which may be called points of compensation^ are formed 
wherever the vibrations in opposite directions neutralize each 
other ; and^ lastly^ At all other points the motion is as the 
sum of the concurring, or the difference of the opposing 
vibrations. 

A primary figure, having an even number of quiescent 
lines, may be superposed two ways, and may consequently 
give rise to two distinct resultant figures: one, when the 
central vibrating parts concur ; and the other, when they are 
in opposition ; but if the number of the quiescent lines in 
the primary figure be imeven, there can be only one resul- 
tant figure. 

The quiescent lines which thus result may be very easily 
ascertained. I will take as an example the first mode of 
vibration, having two parallel quiescent lines; this being 
superposed in two rectangular directions, and so that the 
states of vibration are opposing (Plate IV. fig. 2), it is ob- 
vious that no lines of compensation can exist in the four 
rectangular segments a a a a, aa every point included within 
them is actuated by concurrent motions ; but in all other 
rectangles they must necessarily be formed, as every point 
within them is affected by the two opposing motions, and if 
the two modes be of equal intensity, the compensations must 
occur at every point equally distant from the two rectangiilar 
quiescent lines, each appertaining to a different mode of vi- 
bration. The residtant figure will thus be found to consist 
of two diagonal lines perpendicular to each other, and passing 
through the centre of the plate. 

But if the two superpositions vibrate in concurrence, the 
rectangles b b b b will be free from compensating points ; but 
these will occur in the other rectangles, and form the figure 
represented (fig. 8), which also consists of diagonal lines. 

In the same manner the resultant of any two similar modes 
of vibration with nodal lines, parallel to the sides, may be 
proved to consist of lines parallel to the diagonals. 
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§4. 

It is not a necessary condition for the vibrations of a 
square plate that the primary nodal lines shall be parallel to 
a side ; they may also be parallel to a diagonal, or to any 
line intermediate between a transverse and a diagonal line. 
In these cases the superpositions take place according to the 
following rule : That the axes of the superposed modes of 
vibration must make equal angles with a transversal line 
passing through the centre ; for otherwise the modes of vibra- 
tion would not be similar. By the axis of a primary mode 
of vibration, I mean a straight line passing through the centre 
of the plate and parallel to the quiescent lines. Considera- 
tions of the kind already employed will show that in all these 
instances the resultant figures consist of lines parallel to the 
edges of the plate, and that they are always the same in 
number as the nodal lines of a component mode of vibration, 
but differently distributed in the two directions, according as 
the angle of superposition varies. 

The various primary modes of vibration, transverse, inter- 
mediate, and diagonal, and the angles which the quiescent 
lines of two similar figures make with each other when they 
are superposed, are represented in the first column of the 
general Table, Plates V. to XL ; in the second column of this 
Table are placed the figures resulting from their opposing 
superpositions^ and in the third column those which arise 
from their concurring superpositions. 

We obtain by experiment a limited number only of figures 
which can be considered the resultants of primary modes of 
vibration consisting of any given number of oblique lines ; 
but it would seem, that as the various degrees of obliquity 
are infinite, so there should be an infinite number of resul- 
tant figures passing into each other by insensible gradations : 
by calculation this should be so, but there are causes of limi- 
tation which I shall proceed to explain. 

It appears that no resultant figure is maintainable unless 
the greatest excursions of the external vibrating parts occur 
at the edges of the plate. In the concurring superpositions 
of eight oblique lines, this condition can only be fulfilled 
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Vben the angles they make with each other are either 90° or 
148^ 8^ ; in the first case the resultant figure consists of four 
lines in each transverse direction^ in the second of six lines 
in one direction and two in the other. In the opposing 
superpositions of the same number of lines^ the condition is 
fnlfilled when the angles at which the lines are inclined are 
118° 41 and 163** 44' : the resultant figure of the former con- 
sists of five lines in one direction and three in the other^ and 
that of the latter of seven in one direction and one in the 
other. 

§5. 

I have^ in the preceding sections^ described the various 
modes of binary superpositions which may take place on a 
square surface. But there are numerous cases in which four 
superpositions may coexist^ and these I shall now proceed to 
take into consideration. 

When the axis of a primary figure corresponds either with 
a diagonal or with a transverse line^ passing through the 
centre of the plate^ it is obvious that there can be only one 
other line of equal lengthy which can be considered as the 
axis of a similar and isochronous mode of vibration ; in these 
cases it is evident, therefore, that there can only be two su- 
perpositions. But in every intermediate direction of an axis 
there are three other lines of equal length which constitute 
axes of similar modes of vibration ; and four superpositions 
can therefore take place whenever the axis of a component 
mode of vibration is neither a diagonal nor a transverse line. 

It would be a tedious and laborious process to ascertain a 
resultant figure by combining its four component modes of 
vibration ; but the same purpose will be effectually answered 
by combining them first in pairs, as explained in the pre- 
ceding section, and then combining two of these first resul- 
tants rectangularly together. 

The following process affords great facility for ascertaining 
the second resultant figure, which arises from the superposi- 
tion of two first resultants, a. and A. (fig. 4. Plate IV.) are 
the two component first resultants, the similar lines of one 
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being placed rectangularly to those of the other ; the vibrating 
parts are indicated by the letters P and N^ according as the 
vibrations are positive or negative. At C the two figures are 
superposed^ A being represented by the continuous and B 
by the dotted lines. The surface is now subdivided into a 
number of unequal rectangles, and by comparing the two 
component figures together, it is easy to see which of these 
rectangles are influenced by conspiring, and which by op- 
posing motions; if the motions are found to conspire, the 
letters P or N must be placed in these rectangles according 
as the coexisting motions are positive or negative: if the 
motions are in opposition, a mark may be made to indicate 
that a quiescent line passes through this rectangle. Wherever 
a continuous line intersects a dotted line, a mark is to be 
made, to indicate that a quiescent point is formed ; and as in 
every other part, the quiescent lines of one figure pass over 
vibrating parts of the other, the boundary lines of all the 
rectangles must be marked with the letters indicating the 
motions of the vibrating parts they superpose. The figure 
C being thus marked, the resultant figure is easily described 
by joining the fixed points by lines drawn through the rect- 
angles shown to be actuated by opposing motions; carefully 
avoiding to encroach upon the rectangles of conspiring motion 
marked P or N. 

That the diagonal line is perfectly straight may be proved 
in the following manner. It must first be premised that the 
rectangles included within the quiescent lines of each of the 
first resultant figures have precisely the same quantity of 
motion in the same relative points with respect to the sur- 
rounding sides, and that the vibrating parts at the edges and 
comers of the plate must be considered respectively as exact 
halves and quarters of a complete vibrating part. This being 
understood, if two similar first resultants be laid alongside 
each other in the directions in which they are to be super- 
posed, and if a diagonal line be similarly drawn through 
each of them, it will be obvious that every corresponding 
point of each line must possess the same intensity of motion. 
If the successive segments (equal in each figure) through 
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wbich the lines simultaneously pass^ be in opposite states of 
Tibration^ they will neutralize each other's effects^ and a dia- 
gonal quiescent line will be formed ; and if they be concur* 
rmg, all the parts between the coincident or fixed points will 
be in motion. In the diagram (fig. 4. c.) one diagonal is in 
the first state and the other in the second. 

If the number of lines in the component first resultant 
figures be uneven^ they admit of only one mode of superpo- 
sition. But first resultants having an even number of qui- 
escent lines^ admit of being superposed in two ways^ accord- 
ing as they are vibrating in concurrence or in opposition. 

It firequently occurs that entire quiescent lines superpose 
each other ; thus^ when in the component figure there is an 
uneven number of lines in each direction^ the two rectangular 
central lines of each superposed figure must coalesce^ and 
consequently they continue in both the resultant figures; 
examples of this are seen in the resultants of 3|1^ 5|1^ 5|3^ 7|1^ 
7|3^ 7\5y &c. Again^ when the number of quiescent lines in 
one direction of the component figure is three times greater 
than that in the other^ the number of coinciding fixed lines 
in each direction of the resultant figure is equal to the 
smallest number in the first resultant^ as in 6|2^ 9{3^ 12|4^ 
15|5, &c. See the general Table^ Plates Y. to XI. 

The following general results are obtained from construct- 
ing the second resultant figures according to the rules above 
given. 

In superposing first resultants«con8isting of an even number 
of lines : Ist^ When the number of lines in each direction of 
the first resultants is even^ and the modes of vibration are 
concurring^ no line passes through the centre of the second 
resultant figure. When the modes of vibration are op« 
posing^ two rectangular diagonal lines of compensation occur. 
2ndly^ When the number of lines in each direction is uneven^ 
and the modes of vibration are concurring^ there are always 
two perpendicular transversal lines passing through the 
centre ; and when the modes are opposing^ there are^ in ad- 
dition to these fixed lines^ the two diagonal lines of compen-^ 
sation. 



74 ON ACOUSTIC FIGURES. 

When the first resultants consist of an uneven nnmber of 
lines^ in which case there is no distinction of concurring and 
opposing vibrations^ one diagonal line only invariably occurs. 

In no case is it necessary to calculate an entire figure. 
When the number of nodal lines in the primary mode of 
vibration is even^ only one quarter of the figure is required 
to be calculated^ as it is obvious that every second resultant 
of this kind consists of four symmetrical^ and as it were 
reflected, portions. But when the primary number of qui- 
escent lines is uneven, it is necessary to calculate one half; 
the other half is symmetrical and inverted. 

Some of the first resultants are never obtained by experi- 
ment. When the number of quiescent lines in the primary 
mode of vibration is xmeven, either the first or the second 
resultant may be obtained at pleasure; thus in 8|2 if the im- 
pulses be made at a comer, where the motion of both super- 
positions is at its maximum, the second resultant must arise ; 
but if they be made at the middle of a side, the first resultant 
only will appear, because the point of excitation is a qui- 
escent point of the other. But in all cases where there is an 
even number of lines, it is impossible to obtain the first re- 
sultant, because each maximum of vibration equally belongs 
to both superpositions. 

§6. 

I have given in Plates Y. to XI., a Table which shows every 
perfect resultant figure of a square surface when the number 
of quiescent lines in the primary modes of vibration does not 
exceed twelve. I have carefully calculated each figure by 
the rules laid down in the preceding sections, and have 
shown in the Table the successive processes of superposition. 
The first vertical row exhibits the two primary modes of vi- 
bration superposed at the required angles ; one figure being 
represented by the continuous lines, and the other by the 
dotted lines. The second row contains the first resultants 
which arise from the opposing superpositions of the preceding ; 
and the third row, those which result from their concurring 
superpositions. The fourth and fifth rows exhibit the perfect 
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second resultants which are formed, the former by the oppo« 
ling and the latter by the concurring superpositions of the 
first resultant which the plate has been already found com- 
petent to produce. 

On comparing the calculated figures with those obtained 
experimentplly by Chladni^ the greater number are found 
exactly to agree ; there are, however, some differences which 
it will be necessary to explain. In the first place, there is an 
obvious cause of error in delineating figures from experiment, 
firom this circumstance, — ^that the sand accumulates in the 
spaces where two convex curves are near and opposite to'each 
other, the motion being there very small, so that it is diffi- 
cult to ascertain whether the curves join, or not. Secondly, 
Inequalities in the plate will sometimes occasion lines which 
ought to intersect each other, so as to appear separated 
curves. On comparing together the figures Chladni has 

marked as 614, 6|4, 7|2, 7{4, 8|3 c. &c. with those of the cal- 
culated Table, they will be found to differ only in these 
respects. 

Another cause of difference is this : When the lines of one 
component figure very nearly coincide with those of the 
other, but without actually doing so, the resultant figure 
may be such as would arise from their actual superposition, 
instead of that which accurate calculation would give. In 
Chladni's Table there are two' instances of this alteration^ 
7|2 a. and 8|3 a. , 

A few of the figures delineated by Chladni are irregular 
resultants formed by the superpositions of dissimilar modes 
of vibration. These irregular resultants can be formed only 
when the dissimilar component modes of vibration give the 
same sound, and have a maximum point of vibration in com- 
mon, at which they can be simultaneously excited. The 
figure marked by Chladni 6|1, 1 find to be an irregular restd- 
tant formed by the combination of 6|1 with 8|5, which both 
give the same sound C^. The irregular figure marked in his 
Table 5|1 a. is a compound of 5|1 and 2|5. 

The calculated figures 6|1, 7|1, 8|1, 9|1, 10|1, 1^2, and 
11|1, are not to be found in Chladni's Table. The near ap« 
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proach of the inclined lines of tbeir primary component 
figures to parallelism is the cause of the great difficulty in 
obtaining these figures by experiment. 

The figures marked by Chladni 10|3, 9|4, 8|5, 7|6, 10|4, 9|5, 
8|6^ and 9|7^ exceed the limits within which I have calculated 
the Table^ and are therefore not to be found in it. 



§ 7. Imperfect resultant Figures. 

I have hitherto considered those resultant figures only 
which arise from the superpositions of similar modes of 
vibration^ each exactly equal in intensity; these I shall in 
future call perfect resultant figures. But when the vibra- 
tions of the superposed modes are unequal in intensity^ then 
a figure intermediate between the perfect resultant and one 
of its components is formed; these intermediate figures I 
shall call imperfect resultants. They are experimentally ob- 
tained by varying in a slight degree the places at which the 
plate is held or. touched, from those necessary to determine 
the corresponding perfect resultant figure ; the place at which 
the bow is applied remaining in both cases the same. 

Fig. 6. a. b, c. d. e. in Chladni's Table, Plate I., repre- 
sents the successive transformations of figure which take 
place when each component mode of vibration. presents three 
transversal lines : a. and e* are the two components ; c. the 
perfect resultant; A. an imperfect resultant^ in which the 
excursions of a, are the greatest : and d. an imperfect resul- 
tant, in which e. has the greatest energy. 

Fig. 11, a. b. Plate T., exhibits the transitions of the opposing 
superposition of two primary figures, each presenting four 
transversal lines ; and fig. 12. a. and b. the changes of the 
concurring superposition of the same. 

These are the principal types of the transformation of pri- 
mary figures into first resultants. In each of these series of 
transitions there are certain points which are invariable 
during every change : these are, the quiescent points formed 
by the nodal lines of one figure intersecting those of the 
other, and the centres of vibration where the maxima of 



\ 



ON ACOUSTIO FIGURES. 7? 

positive or negative vibration agree in each component mode 
of vibration. The points of compensation are changeable. 

Figs. 29. a. and 30. a. Plate II. ^ represent imperfect second 
resultants^ formed by two superpositions of the first resul- 
tant figure 612. Fig. 29. a. arises from concurring^ and 
fig. 30. a, from opposing superpositions. The straight lines 
in these imperfect figures arise from the coincidence of entire 
quiescent lines in each component figure, and, consequently, 
they remain unaltered whatever may be the relative inten- 
sities of the superposed modes of vibration. But the curved 
lines, which are formed of compensating points, change with 
the varying intensities. 

§ 8. Figures of irregular Plates. 

If the sides of the square be nearly, but not exactly, equal, 
the superpositions of two similar modes of vibration with 
transversal lines still take place ; but instead of exhibiting 
perfect resultants, figures resembling transitional figures ap- 
pear. Thus in the binary superpositon (Plate I. fig. I.) of 
the figure with two transversal lines, if the sides be unequal, 
ihe crossed lines separate at their point of intersection and 
are converted into two curves, the summits of which recede 
from each other as the difference in the lengths of the sides 
becomes greater. 

Also, if the diagonals of the square be unequal, the resul- 
tant figure (Plate II. fig. 2.) arising irom two superposed 
modes of vibration with diagonal axes, will be modified in a 
similar manner. 

Corresponding modifications are occasioned, through acd?- 
dental differences of elasticity, &c. in the directions of the 
axes of the superposed modes of vibration, even when the 
dimensions of the plate are apparently equal. 

If a plate of glass be covered on one of its sides with leaf- 
gold, or if a plate of ground glass be substituted for an ordi* 
nary glass plate with smooth surfaces, the figures may be 
obtained distinctly delineated by lines consisting of a single 
row of grains of sand. E^^periments made in this manner^ 
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upon square plates carefully prepared^ induced Professor 

Strehlke to concludci after many minute measurements of 

these lines^ that all acoustic figures are formed of hyperbolic 

curves^ and that the quiescent lines never intersect each 

other. But however correct these experiments may have 

been^ the conclusions drawn from them are unwarranted ; 

were it possible to obtain plates of a perfectly homogeneous 

substance, and of accurately equal dimensions, there can be 

no doubt that the lines, however finely defined, would actually 

intersect each other. 

§9. 

I have already, § 1, given Chladni's Table of the compa- 
rative sounds, and numbers of vibrations of the figures of 
square surfaces obtained from experiment. In the following . 
Table these results are arranged so as to correspond with the 
views taken in this paper. The numbers in the first vertical 
row indicate the number of parallel quiescent lines in the 
primary figure. In the horizontal rows the angles at which 
the lines of the primary modes of vibration intersect each 
other are shown ; and the figures between brackets give the 
notation of the first resultant produced by their superposi- 
tion ; below these its number of vibrations, and the character 
representing its musical sound, are given; when there are 
two of these lower lines separated by a horizontal dash, the 
one above indicates the sound of the opposing superposition, 
and that below it the concurring superposition. 

Thus it appears, that every figure of a square surface which 
experiment can give, may be reduced to a primary figyre 
with parallel lines, giving the same sound : if, therefore, the 
analytical investigation be confined to these, many of the 
difiSculties will disappear. Euler has investigated the subject 
when lines parallel to a side only are concerned ; it remains 
to extend the inquiry to modes of vibration the nodal lines 
of which are perpendicular to any line passing through the 
centre of the surface. An analytical expression for all the' 
sounds of a square plate may probably be obtained, which 
shall be a function of the number of quiescent lines, and the 
length of the axis of the mode of vibration. 
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§ 10. 

Immediately after the publication of Cbladni's experiments 
on square plates^ James Bemouilli attempted to demonstrate 
them analytically ; but his investigation was entirely unsuc- 
cessful ; his conclusions were founded on erroneous data^ and 
the results he obtained were at variance with experiment 
His assumptions were these : that the primary figures con- 
sisted of 2, 3, 4, 5y 6, 7, &c. lines parallel to the side only, 
these being the modes of vibration of a lamina as investigated 
by Euler; that any two similar or dissimilar modes of vibra- 
tion might superpose eaich other rectangularly, the nodal 
lines of the two components appearing together in the resul- 
tant mode of vibration ; and that the sound of the resultant 
differed from that of either of the two components, being 
much higher. The figures given by experiment he considered 
accidental distortions of these compound figures. This theory 
gave no account of those figures in which a single line in one 
direction coexists with any number in the other, as there is 
no primary figure consisting of one nodal line only; and 
Bemouilli acknowledged his theory to be imperfect in this 
respect. 

The failure of Bemouilli led Chladni inconsiderately to 
state, that '^ the supposition of regarding such a rigid mem- 
braniform body as a network formed by curved lines in one 
direction applied upon curved lines in another direction, is 
not conformable to nature, and will never give, either results 
agreeing with experiment, or an appearance of explanation 
of some of the most simple vibrations.^' That this assertion 
is erroneous, the considerations in the present paper have, I 
conceive, fully proved. The error of Bemouilli did not con- 
sist in assuming that the observed acoustic figures were 
formed by superposing simple modes of vibration on each 
other, for this has been shown to be true ;. but in his assump- 
tions of the manner in which these superpositions were made, 
and the effects which resulted from such hypothetical super- 
positions. 
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The various mathematicians who have more recently 
undertaken to investigate the laws of vibrating surfaces, as 
Poisson, Cauchy, Mademoiselle Germain, &c., do not appear 
to have taken into consideration any thing resembling the 
theory of superposition. 

Dr. Young seems to have had a correct notion of the origin 
of the acoustic figures; for in his Lectures, when slightly 
noticing Chladni^s experiments, he remarks, "The vibrations 
of plates diflFer from those of rods in the same manner as the 
vibrations of membranes differ from those of chords, the vi- 
brations which cause the plate to bend in different directions 
being combined with each other, and sometimes occasioning 
singular modifications.^' 

The brothers Weber, in their excellent work the Wellen- 
lehre, published in 1825, have advanced a step nearer the 
truth than any of their predecessors. They have shown, that 
in a square vessel containing water or mercury, two series of 
stationary waves, one parallel to each side, may be made to 
intersect each other ; and that the compound wave formed 
by their interferences assumes the form shown in § 3. to be 
the resultant of two superpositions of parallel transverse 
lines. Their observations are confined to those modes of 
undulation, analogous to the first resultants of primary modes 
of vibration with lines parallel to a side. Though I had 
advanced considerably in the present inquiry before I saw 
this work, yet I should be wanting in justice to these philo- 
sophers did I not here state that theirs is the merit of having 
shown, in the most simple case, the way in which the super- 
positions of modes of vibration or undulation actually do take 
place. 

§ 11. Plates of Wood, 

From the rules already laid down, it is obvious that the 
series of figures presented by a square plate of any homo- 
geneous material ought not to be obtained on a square plate 
of wood, in which substance the elasticity is not the same in 
all directions. If a square plate of wood be prepared with 

o 



82 OX AC0U8TIC FIGURES. 

its fibres parallel to one of the sides of the square^ the axes 
of greatest and least elasticity will be disposed rectangularly, 
and parallel to the adjacent sides ; in this case the same pri- 
mary mode of vibration in the two directions will not give 
the same sounds although the dimensions of the vibrating 
parts are the same in both ; consequently they cannot coexist, 
and the resultant figures with diagonal lines will be wanting 
on such a plate. But if the axes of the two component modes 
of vibration be equally inclined to either of the axes of elas- 
ticity, these modes of vibration will be necessarily similar 
and isochronous, and therefore capable of superposition : on 
a square plate of wood^ consequently, all those first resultants 
which consist of any number of lines parallel to the sides in- 
tersecting each other rectangularly, may be obtained; and 
the same figure will be accompanied by different sounds, ac- 
cording as the axes of the modes of vibration are inclined to 
the axes of least or greatest elasticity. It is easy to foresee 
that none of the second resultants, which consist of four iso- 
chronous superpositions, can be obtained on such a plate. 

But if the wooden plate, instead of being square, be a 
rectangle, the sides of which are inversely as the squares of 
their resistance to flexion, the two modes of vibration parallel 
to the sides, though differing in length, will be isochronous ; 
and their coexistence will give rise to a resultant figure with 
lines parallel to the diagonal. Thus on a rectangular plate 
of straight-fibred deal wood, in which the proportion of the 
sides were as 28 to 59^ I obtained the two crossing diagonal 
lines, corresponding to the second figure of a homogeneous 
square plate of glass or metal. 

Savart has made a series of numerous and accurate ex]>eri- 
ments on the changes which take place in the sound, and 
also in the form and position of the figure of the first mode 
of vibration on circular plates of wood of similar dimensions, 
cut in different directions with respect to the three principal 
axes of elasticity. All the results he has obtained are in 
perfect accordance with the rules stated in this paper, and 
might have been predicted by them. He has extended his 
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investigations to circular slices of crystals^ cut in various 
directions with respect to their axes^ and has obtained in 
this way much valuable information. These researches of 
Savart point out a new direction to our inquiries respecting 
the structure of bodies ; and the utility of his experiments 
will be greatly enhanced by the knowledge we now possess 
of the causes on which these phenomena depend. I shall 
shortly return to this subject. 



o2 



84 ON THE VELOCITY OF ELECTRICITY 



An Account of some Experiments to measure the 
Velocity of Electricity and the Duration of Electric 
Light 

[From the * Philosophical Transactions,' 1834.] 
[Plates Xni. & XIV.] 

§1. 
The path of a luminous or an illuminated point in rapid 
motion^ it is well known, appears as a continuous line, in con- 
sequence of the after duration of the visual impression. There 
is nothing, however, in the appearance of such a line by which 
the eye can determine either the direction or the velocity of 
the motion which generates it. It occurred to me some years 
since, that if the motion which described the line in these 
cases were to be compounded with another motion, the direc- 
tion and velocity of which were known, it would be easy, from 
an inspection of the resultaut straight or curved line, to de- 
termine the velocity and direction of the former. Following 
up this idea, I made a series of experiments relating to the 
oscillatory motions of sonorous bodies, too numerous, and not 
sufficiently connected with the subject of the present commu- 
nication, to be detailed in this place. The satisfactory results 
thus obtained made me desirous to ascertain whether, by 
similar means, some information might not be gained re- 
specting the direction and velocity of the electric spark : the 
method by which I then proposed to eflFcct this purpose was 
first announced in a lecture delivered by Dr. Faraday at the 
Royal Institution in June 1830. IMy attention was again 
drawn to the subject at the commencement of last year, and 
I attempted to realize the idea in the following manner. 

Fig. 1 (Plate XIII.) represents the apparatus employed, 
which was screwed at a to the spindle of a whirling machine, 
so that a rapid rotatory motion might be given to it. The 
upper and lower parts, which were all of brass except the 
wooden disc b c, were insulated from each other by a stout 
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glass rod d e; a. slip of tinfoil connected the ball h with a, 
and the upper ball g was capable of adjustment to various 
distances from the lower one h. When the ball /was placed 
within striking distance of the prime conductor of an electric 
machine, a spark passed between them, and also between the 
balls g and h, which could be separated to the distance of four 
inches, so as to exhibit a spark of that length. It is obvious, 
that if the angular motion of the balls were in any sensible 
proportion to the velocity of electricity, there would be a de- 
viation between the upper and lower terminations of the line. 
The instrument revolving from left to right, if the motion of 
the spark be downwards, the deflection of the line should be 
as in fig. 2 (Plate XIII.); and if its motion be upwards, it 
should be deflected as in fig. 3 (Plate XIII.). 

When tlie apparatus was made to revolve rapidly, the sparks 
passed in the same manner as when it was at rest, and no de- 
viation of the extremities of either of the two sparks from the 
same vertical line was observed. The apparatus revolved 
fifty times in a second, and as a difierence of the twentieth 
part of the circumference described by the balls could have 
easily been observed had it existed, we may safely conclude 
that the spark passed jointly through the air and the metallic 
conductor in less time than the thousandth part of a second. 

§2. 

Having failed to observe any deflection of the spark by 
the means just mentioned, I found it necessary, if I would 
continue the inquiry, to contrive some more eflectual means 
of prosecuting it. It occurred to me that the motion of the 
reflected image of the electric spark in a plane mirror would 
answer all the purposes of the motion of the apparatus itself 
connected with the spark. Several advantages, it was evi- 
dent, would result from this substitution ; the apparent 
motion of the reflected image in a small moving mirror would 
be equal to an extensive motion of the object itself; the same 
mirror might be presented to any object to be examined, thus 
forming, with its moving machine, an independent and uni- 
versally applicable instrument ; and many experiments might 
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be tried, which, without this expedient, would be difficult or 
impossible to perform, from the size or immobility of the 
apparatus. 

The most convenient form of the revolving mirror is repre- 
sented in fig. 4 (Plate XIII.) ; it rotates on a vertical axis, 
and in its motion successively assumes every vertical plane. 
If a luminous point, the flame of a candle for instance, be 
placed at any distance before this revolving mirror, the suc- 
cessive places of its reflected image will describe a circle, the 
radius of which is equal to the perpendicular distance between 
the luminous point and the axis of rotation. The angular 
velocity of the image is twice that of the mirror; the entire 
circle is consequently described while the mirror makes a 
semi-revolution ; and if the back of the mirror be also a re- 
flecting surface, the image will describe two entire circles 
' during one revolution of the mirror. If the motion exceed a 
certain rapidity, the successive images leave their impressions 
on the retina, and the eye, properly placed, takes in the view 
of a perfectly continuous line of light, being an arc of the 
circle described, which arc is larger in extent in proportion 
to the proximity of the eye to the mirror. 

If now, while the mirror is in motion, the luminous point 
be moved in a direction parallel to the axis of rotation, the 
composition of the two motions of the image, the one depend- 
ing on the motion of the object, the other on the motion of 
the mirror, will give rise to a diagonal resultant ; and if the 
number of rotations made by the mirror in a given time are 
known, the direction and velocity of the moving point may 
be calculated. 

By screwing the axis of the mirror to a machine with mul- 
tiplying wheels, I was enabled to cause it to revolve fifty times 
in a second. The reflected image of a luminous point, there^ 
fore, passed over half a degree in the 7J3,OOOdth part of a 
second, the angular velocity of the image being, as before 
noticed, double that of the mirror. An arc of half a degree 
is easily estimated by the eye, and is equal to about an inch 
seen at the distance of ten feet. Supposing this to be the 
limit of distinct observation, though perhaps a much smaller 
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arc might be distinguished even by the unassisted eye, we 
might expect, when a line of electric light is placed parallel 
to the axis of the revolving mirror, to ascertain two things : 
first, the duration of the light at each point where it appears : 
and secondly, the time which elapses between the appearance * 
of the light in two successive points of its path ; provided 
that the time, in either case, be not less than the 72,000dth 
part of a second. The first would be indicated by the hori- 
zontal elongation of the reflected image, and the second by 
the distance between two lines drawn from the images per- 
pendicular to the horizontal plane. If the. duration and 
velocity were both rendered sensible by the mirror, the 
reflected image would appear a^ a deflected band of light. 

I successively presented to the mirror, sparks four inches 
in length drawn from the prime conductor of a powerful 
electrical machine ; the explosions of a charged jar ; a glass 
tube four feet in length, exhibiting a spiral of electric sparks 
passing between dots of tinfoil : an exhausted glass tube six 
feet in length, through which the spark passed, and produced 
an unbroken line of attenuated electric light ; various pictures, 
such as birds, stars, &c., formed of electric sparks. But in 
all these cases, when the reflected images occurred within the 
field of view, they appeared perfectly unaltered, and precisely 
as they would have done had they been reflected from the 
mirror while at rest. 

When sparks were made to follow each other quickly, 
several reflected images were simultaneously seen in different 
positions, owing to the images having been renewed before 
the visual impression caused by the first had disappeared. 
The exhausted tube being held near a prime conductor, when 
looked at directly, will sometimes appear to gleam with a 
continuous light ; but examined in the mirror, this apparent 
continuity is seen to be owing to a rapid succession of transient 
flashes. 

§3. 

For some experiments another position of the revolving mir- 
ror is preferable to that just described. Fig. 5 (Plate XIII.) 
represents the reflecting surface inclined to the axis of rota- 
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tion, and nearly perpendicular to it. If a luminous point be 
placed anywhere in the prolongation of the axis, its images, 
succesively reflected from diflerent parts of the mirror, form 
together a circle, the whole circumference of which may be 
seen at once. In this form of the experiment the angular 
velocity of the image is equal to that of the mirror, and both 
move in the same direction ; whereas in the former case the 
image moved with double the velocity of the mirror, and 
in the opposite direction. The visual magnitude of the circle 
described increases with the distance of the object and incli- 
nation of the Dj^irror. The flame of a candle presented to it 
appears as a broad luminous ring ; the image of the sun is 
converted into a magnificent flery belt, &c. 

A series of minute sparks made to pass between two points, 
or between a point and the prime conductor of a machine, 
presents to the eye, from the rapidity of their succession, the 
appearance of a permanent star of light. When this star is 
placed in the prolongation of the axis of the revolving mirror, 
the successive sparks of which it consists are reflected to the 
eye each from a different part of the surface, and they are ex- 
hibited arranged at regular distances in a circle. When the 
intermissions are rapid the appearance is extremely beautiful. 

The brush of light which appears on a point when presented 
at some distance from the conductor, is also by this means 
shown to be an intermitting action, notwithstanding its per- 
manent appearance; its reflected images present, however, 
this remarkable peculiarity, they are elongated in the direc- 
tion of the motion, proving that a brush is not so transient 
as a spark, and that the emissions which constitute it last 
during an interval of time measurable by the motion of the 
mirror. 

But this instrument is not confined to observe merely the 
intermittences of electric light ; whenever a rapid succession 
of alterations occurs in an object which does not change its 
place, they may be separately examined by this means. Vi- 
brating bodies afford many instances for investigation ; one 
among these is perhaps worthy to be mentioned. A flame 
of hydrogen gas burning in the open air presents a continuous 
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circle in the mirror ; but while producing a sound within a 
glass tube, regular intermissions of intensity are observed, 
which present a chain-like appearance, and indicate alternate 
contractions and dilatations of the flame corresponding with 
the sonorous vibrations of the column of air. 

§4. 

Experiments have frequently been made with a view to de- 
termine tlie velocity of the transmission of electricity through 
conducting bodies. In all the recorded trials of this kind it 
was attempted to measure the interval of time supposed to 
occur between two discharges made at opposite extremities of 
the wire, which were brouglit near each other so that they 
might be seen at the same time. In one experiment, per- 
formed at Shootcr^s Hill in 174:7 under the superintendence 
of Dr. Watson, the circuit was four miles in extent, two miles 
through wire, and two miles through the ground ; but the 
discharges appeared, as in all similar experiments, to be per- 
fectly simultaneous. Nor need we feel surprised at this result, 
when we know that the eye is unable to distinguish the suc- 
cession of luminous objects which follow at the interval of the 
eighth or tenth of a second, from their simultaneous appear- 
ance ; and that, therefore, with a circuit even of four miles 
extent, the velocity of a few miles per second would be the 
utmost observable by such means. 

1 determined, therefore, to repeat a similar experiment, 
substituting for the imperfect judgment of the eye a revolving 
mirror, but more rapid in its motion and accurate in its indi- 
cations than any I had previously employed. Tlie instrument 
I am about to describe will, unless there be some error in the 
estimate which I have not been able to perceive, measure 
beyond the millionth of a second ; and this degree of minute- 
ness may be yet far surpassed by more costly instruments 
and more careful observations. 

But as it is only on the hypothesis of an actual transfer of 
a fluid from one end of the wire to the other that a difference 
of time between the two sparks at its opposite extremities 
might be expected to be observed, in order to render the pro- 
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posed experiment independent of this theoretical view, I took 
the necessary precaution of bringing a third spark, formed 
by disconnecting the middle of the wire, near to and in a line 
with the extreme sparks. For on the supposition of the 
transfer of two fluids in opposite directions, the extreme 
sparks would be simultaneous, but the middle spark later in 
its occurrence ; the same appearances would also accord with 
the theory of one electricity, if we admit that a disturbance 
of electric equilibrium is simultaneously propagated from each 
end, arising in the one case from successive additions to, and 
in the other from successive subtractions from, the neutral 
quantity in the conducting wire. 

The experiment was tried at the Gallery in Adelaide Street. 
The insulated wire, the total length of which was half a mile, 
was disposed as in fig. 6 (Plate XIII.). The parallel portions 
of the wire were each 120 feet in length, and six inches apart, 
and were tied to the balustrade with silk loops six inches long. 
The swagging of the wire was prevented by silk cords ex- 
tending across the gallery ; and to keep the lengths at their 
proper distances apart they were tied to the cords wherever 
they crossed them. The ends of the wire marked 2, 3, 4, 5, 
were continued to the similarly marked wires of the spark - 
board, fig. 7 (Plate XIV.), which was so fixed against the wall 
beneath the gallery, that the balls between which the sparks 
were to pass were in the same horizontal line. The striking- 
distance between each spark was the tenth of an inch, and 
the spark-board itself was three inches and a half in dia- 
meter. The conducting wire I employed was of copper, and 
its thickness the fifteenth of an inch. 

Fig. 8 (Plate XIV.) represents the measuring instrument 
with its appendages ; and fig. 10 (Plate XIV.) shows in a 
more distinct manner some of its essential parts. A B C D 
is a solid board of well-baked mahogany one foot in length, 
and eight inches in breadth. E is a circular mirror of polished 
steel one inch in diameter, so fixed to the horizontal axle 
F G, that the axis of rotation is in the plane of the mirror. 
The pivots of the axle work in the uprights of the brass frame 
H I. Motion is communicated from the wheel K to the 
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axle by means of a thread passing over grooves made on the 
circumferences of both ; and a band passing over the wheel 
L, on the same axis with K, may be attached to the wheel 
of any machine capable of giving to it a rapid motion. In 
the experiments I have made with this instiniment the train 
of wheels was so arranged that the axle carrying the mirror 
would have made 1800 revolutions while the wheel to which 
the motion was first communicated was turned roimd once, 
had there been no retardation to have been taken into con- 
sideration arising from the slipping of the bands. M is a 
small Ley den jar, the inner coating of which is to be con- 
stantly supplied, through the chain N, with electricity, either 
positive or negative, from a machine; the bent wire pro- 
ceeding from the inner coating of the jar is in immediate 
contact with the fixed discharger O P, and the spontaneous 
discharge of the jar is to be regulated by varying the dis- 
tance between the two balls. The wire 1 in connexion with 
the outer coating of the jar, and the wire 6 attached to the 
knob of the brass frame, are continued to the similarly 
numbered wires of the spark-board. When the jar is fully 
charged, and the arm Q, revolving with the axle, is brought 
opposite the knob of the discharger, the discharge of electri- 
city, or disturbance of electric equilibrium, passes through 
the entire circuit, and the three sparks appear perfectly 
simultaneous to the eye. When the face of the mirror is 
level with and turned towards the spark-board, and is so 
adjusted as to form an angle of 45° with the horizontal plane, 
the eye looking directly downwards sees the reflected images 
of the three sparks. The plane glass or lens R is for the 
purpose of preventing the eye approaching too near the 
mirror, and for accommodating the vision of long- or short- 
sighted observers. The arm Q is so placed that the circuit 
may be completed when the mirror is in the position just de- 
scribed ; the other arm serves merely as a counterpoise. To 
obviate the inaccuracy which would result from discharges 
taking place when the arm is in difierent positions with respect 
to the knob of the discharger, a plate of mica, S, is interposed, 
having a very small horizontal slit exactly opposite the axis 
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of the discharger ; this fixes within narrow limits the occur- 
rence of the discharge, and, with whatever rapidity the mirror 
moves, the sparks are generally within the field of view. 

It was a point of essential importance to determine the 
angular velocity of the axle carrying the mirror. No confi- 
dence could be placed in the result obtained by calculating the 
train of wheels, as in such rapid motion many retarding causes 
might operate and render the calculation uncertain : it was 
necessary, therefore, to devise a means independent of these 
sources of error, and which should immediately indicate the 
ultimate velocity. Nothing appeared more likely to efiect this 
purpose than to attach a small syren to the instrument, the 
plate of which should be carried round by the axle of the mirror. 
T is a small hollow box an inch in diameter, into which wind 
was conveyed through a tube placed to the aperture u. 

On the face of this box a number of equidistant apertures 
were arranged in a circle, and a disc moving before it having 
the same number of apertures, periodically intercepted the 
issuing current, and produced a sound corresponding to the 
frequency of the impulses. It is obvious that the number of 
revolutions would be ascertained by dividing the number of 
vibrations in a second, corresponding to the sound, by the 
number of apertures. I at first employed ten apertures : 
when the motion was slow, the sound could be easily deter- 
mined j but on augmenting the velocity it became inappreci- 
able. I then reduced the number of apertures to five, but 
with no better success, and ultimately to two ; but the sound 
was then so feeble, compared with the accompanying noises, 
that it could not be distinctly heard. 

The difficulty was at last overcome by employing the arm Q 
itself to produce the sound. A small slip of paper was held to 
it ; and as at every revolution a blow was given to the paper, its 
rapid recurrence gave rise to a sound the pitch of which 
varied with the velocity of the motion. When the machinery 
was put in motion with the maximum velocity I employed in 
my experiments, the soimd G#* was obtained, indicating 800 
revolutions of the mirror in a second. I am not aware that 
anything can have interfered with the accuracy of this result ; 
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the same sound was heard when diflferent pieces of paper or 
card were used ; and on moderating the velocity, the sound 
descended through all the degrees of the scale below it, until 
distinct percussions were perceived*. 

Let us now consider what is the shortest duration of the 
electric light, and the greatest velocity of transmission through 
the wire, that can be detected by means of the instrument I 
have described. The mirror revolves 800 times in a second ; 
and during this time the image of a stationary point would 
describe 1600 circles : the elongation of a spark through half 
a degree, a quantity obviously visible, and equal to one inch 
seen at the distance of ten feet, would therefore indicate that 
it exists the l,152,000dth part of a second. The deviation 
of half a degree between the two extreme sparks, the wire 
being, as above stated, half a mile in length, would indicate 
a velocity of 576,000 miles in a second. This estimated 
velocity is on the supposition that the electricity passes from 
one end of the wire to the other ; if, however, the two fluids 
in one theory, or the disturbances of equilibrium in the other, 
travel simultaneously from the two ends of the wire, the two 
external sparks will keep their relative positions, the middle 
one will be alone deflected, and the velocity measured will be 
only half that in the former casc,viz. 288,000 miles in a second. 

Repeated experiments gave the following results. In all 
cases, when the velocity of the mirror exceeded a certain limit, 
the three sparks were elongated into three parallel lines, and 
the lengths became greater as tlie velocity of the motion was 
increased. The greatest elongation observed was about 24°, 
indicating a duration of about the 24,000dth of a second. The 
lines did not always commence at the same places ; some- 
times they appeared immediately below the eye, sometimes 
to the right, at other times to the left, and occasionally they 
were out of view altogether. This indetermination, it has 

* Since this paper was read, a registering apparatus has been attached 
to the instrument ; it consists of an index, communicating with the axis 
by a light train of wheels, and making one complete revolution while the 
mirrur revolves 10,000 times. The number of revolutions of the mirror 
indicated by this means, did not, in consequence of the increased resis- 
tance to the motion, exceed 600 in a second. 
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already been explained^ is owing to the arm not always taking 
the spark at the same distance from the discharger : several 
discharges are therefore required to be made before the eye 
can distinctly observe the appearances. When the velocity 
was low, the terminating points appeared to be exactly in the 
same vertical line ; but when the velocity was considerable, 
and the mirror revolved towards the right, the lines assumed 

this appearance, ; when it revolved towards 

the left, they appeared thus, ~^ ^ nm:— , Jn no case did 

I see them thus, - j or thus ^ ^ , as 

required in the hypothesis of the actual transfer of a single 
fluid. I found it convenient to place at the side of and near 
the spark-board, the flame of a taper or candle, to serve as a 
guide to the eye : the lines of electric light in the mirror 
were immediately above and parallel to the constant line 
formed by the reflection of this flame, and thus the eye could 
be more readily directed to them : it also served to keep the 
focal distance of the eye properly adjusted. The spark- 
board was in all the experiments placed at the distance of ten 
feet from the mirror. 

The deviation between the extreme sparks and the middle 
one could nbt, I am tolerably certain, have exceeded half a 
degree. * 

Having obtained a considerable elongation of these sparks, 
I expected also to be able to elongate the sparks or widen 
the lines in some of the various arrangements of electric 
light described in § 2 ; but even with the extraordinary velo- 
city now attained, no alteration whatever could be observed 
in them ; they were still reflected as distinct and unaltered 
as the objects themselves when directly looked at. The elon- 
gation of the sparks at the interruptions of the wire above 
noticed were no doubt owing to this circumstance, — that the 
diameter of the wire was not sufficiently great to allow the 
charge of the jar to pass through it except in a successive 
manner. The duration of the discharge in the cases of these 
sparks appeared to be longer than the time required for the 
electricity to pass through many miles of wire. 

The sparks from the great magnet constructed by Mr. 
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Saxton^ which is at the Gallery in Adelaide-street, were con- 
siderably elongated even when the mirror was moving with 
a comparatively low velocity. 

§ 5. 

For the purpose of increasing the chances of observing 
sparks, &c., when their appearance cannot be commanded at 
the moment the mirror is in the proper position to reflect 
them to the eye, I propose to employ a mirror with polygonal 
faces symmetrically placed with respect to the axis of rota- 
tion, a hexagon for instance, fig. 9 (Plate XIII.), where a, b 
is the moving axis, and c, d, e three of the reflecting surfaces. 
During one rotation of the axis, if the object be continuously 
luminous, six luminous arcs will be successively presented to 
the eye, all occupying the same position; and if the light be 
transient, we shall have six times the number of chances of 
observing its reflection than if one reflecting surface only were 
employed. It is true the arcs are not circular ones, but the 
diflference is scarcely noticeable when the radius of the poly- 
gonal section is very small compared with the distance of the 
luminous object, which would be the case in all our experi- 
ments. 

I have also proposed various modifications of parts of the 
instrument, § 4, to suit particular experiments, and to ensure 
additional accuracy in the repetition of those already made ; 
but not having yet put these to the test of experiment, it 
would be premature at present to describe them. 

§6. 

The instantaneousness of the light of electricity of high 
tension, rendered evident by the preceding investigations, 
affords the means of observing rapidly changing phenomena 
during a single instant of their continued action, and of 
making a variety of experiments relating to the motions of 
bodies when their successive positions follow each other too 
quickly to be seen under ordinary circumstances. 

A few obvious instances will at present suffice. A rapidly 
moving wheel, or a revolving disc on which any object is 
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painted, seems perfectly stationary when illuminated by the 
explosion of a charged jar. Insects on the wing appear, by 
the same means, fixed in the air. Vibrating strings are seen 
at rest in their deflected positions. A rapid succession of 
drops of water, appearing to the eye a continuous stream, is 
seen to be what it really is, not what it ordinarily appears to 
be, &c. 

§7. 
The preceding experiments having been directed rather to 
detect elongations and deviations than to measure them, I 
am not prepared to state the results with numerical accuracy. 
I shall endeavour to supply this deficiency in further inves- 
tigations, but must at present content myself with stating 
the following general conclusions, deduced from the appear- 
ances which I have observed, though, I jmust allow, more 
accurately performed experiments are required before they 
can be considered as fully established. 1st, The velocity of 
electricity through a copper wire exceeds that of light through 
the planetary space. 2ndly, The disturbance of electric equi- 
librium in a wire communicating at its extremities with the 
two coatings of a charged jar, travels with equal velocity 
from the two ends of the wire, and occurs latest in the middle 
of the circuit. 3rdly, The light of electricity in a state of 
high tension has a less duration than the millionth part of a 
second. 4thly, The eye is capable of perceiving objects di- 
stinctly, which are presented to it during the same small 
interval of time. 

By prosecuting these researches with instruments of higher 
power, and of greater accuracy in their indications, numerical 
laws may be established for a large class of phenomena, the 
relations of which we have had hitherto no means of ob- 
serving. The relative velocities of electricity in different 
metallic wires ; the modifications in the velocity of electri- 
city in diflferent states of tension when passing through the 
same conductor, if any such differences exist ; the duration 
of the electric spark under different circumstances of tension 
and quantity, fee, will be among tliese objects of investi- 
gation. 
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An account of several new Instrwnents and Processes 
for determining the Constants of a Voltaic Circuit. 

[Ths Bakerian Lecture for 1843. From the Philoaophical Trans- 
actions of the Royal Society, vol. 1^3, pp. 303-327. J 

[Plates XV. & XVL] 

§1. 

I INTEND in the present communication to give an account 
of various instruments and processes which I have devised 
and employed during several years past for the purpose of 
investigating the laws of electric currents. The practical 
object to which my attention has been principally directed, 
and for which these instruments were originally constructed, 
was to ascertain the most advantageous conditions for the 
production of electric eflFects through circuits of great extent, 
in order to determine the practicability of communicating 
signals by means of electric currents to more considerable 
distances than had hitherto been attempted. In this endea- 
vour, guided by the theory of Ohm and assisted by the in- 
struments I am about to describe, I have completely suc- 
ceeded. But the use of the new instruments is not limited 
to this especial object ; they will, I trust, be found of great 
assistance in all inquiries relating to the laws of electric 
ctLrrents,^nd to the various and daily increasing practical 
applications of this wonderful agent. An energetic source of 
light, of heat, of chemical action and of mechanical power, 
we only require to know the conditions under which its 
various effects may be most economically and energetically 
manifested, to enable us to determine whether the high ex- 
pectations formed in many quarters of some of these appli- 
cations are founded on reasonable hope, or on fallacious con- 
jecture. The theory we now possess is amply sufficient to 
direct us rightly in this inquiry, but experiments have not 

H 
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yet been sufficiently multiplied to enable us to obtain^ except 
in a few cases^ the numerical values of the constants which 
enter into various voltaic circuits ; and without this know- 
ledge we can arrive at no accurate conclusions. 

§2. 

The instruments and processes I am about to describe 
being all founded on the principles established by Ohm in 
his theory of the voltaic circuit, and this beautiful and com- 
prehensive theory being not yet generally understood and 
admitted, even by many persons engaged in original research, 
I could scarcely hope to make my descriptions and explana- 
tions understood without prefacing them with a short account 
of the principal results which have been deduced from it. 
It will soon be perceived how the clear ideas of electro- 
motive forces and resistances, substituted for the vague 
notions of intensity and quantity which have been so long 
prevalent, enable us to give satisfactory explanations of most 
important phenomena, the laws of which have hitherto been 
involved in obscurity and doubt. Viewing the laws of the 
electric circuit from the point at which the labours of Ohm 
have placed us, there is scarcely any branch of experimental 
science in which so many and such various phenomena are 
expressed by formulae of such simplicity and generality ; in 
most of the physical sciences the facts of observation and ex- 
periment have kept pace with theoretical generalization, in 
this science alone they had gone on accumulating in prolific 
abundance without any successful attempt having been made 
to reduce them to mathematical expression. But tbis is now 
happily effected, and what has hitherto been mere matter of 
speculative conjecture is removed into the domain of positive 
philosophy. 

By electro-motive farce is meant the cause which in a closed 
circuit originates an electric current, or in an unclosed one 
gives rise to an electroscopic tension. By resistance is signi- 
fied the obstacle opposed to the passage of the electric current 
by the bodies through which it has to pass : it is the inverse 
of what is usually called their conducting power. 
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When the activity of any portion of the circuit is increased 
or diminished, either by a change in the electro-motive force 
or in the resistance of that portion, the activity of all the 
other parts of the circuit increases or decreases in a corre- 
sponding degree, so that the same quantity of electricity 
always passes in the same instant of time through every 
transverse section of the circuit. 

The force of the current is directly proportional to the sum 
of the electro-motive forces which are active in the circuit, 
and inversely proportional to the total resistance of all its 
parts, or in o\her words the force of the current is equal to 
the sum of the electro-motive forces divided by the sum of 
the resistances. 

Let F denote the force of the current, E the electro- motive 
forces, and R the resistances : then 

The length of a copper wire of a given thickness, the re- 
sistance of which is equivalent to the sum of the resistances 
in a circuit. Ohm calls its reduced length, an expression which 
it will frequently be found convenient to employ. 

If the electro- motive forces and resistances in a circuit are 

proportionately increased or diminished the force of the cur- 

E nE 
rent remains the same, or ,,= ty- Hence a single voltaic 

il nit 

element, or a battery consisting of any number of exactly 
similar elements, if no additional resistance be interposed in 
the circuit, produces the same effect. Also a thermo-electric 
element and a voltaic element will produce the same effect 
when the greatly inferior electro-motive force of the former 
is compensated by a corresponding decrease in its resistance ; 
in a thermo-electric arrangement the resistance is in general 
small, because the circuit is entirely metallic, while in a 
voltaic element the resistance of the liquid is always con- 
siderable. 

Any interposed resistance weakens the force of the current, 
but less so as it is smaller in proportion to the other resis- 

H 2 
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tances in the circuit. Hence in two circuits, both producing 
currents of equal force, when the same resistance is intro- 
duced, the strength of the two currents may be weakened in 

very different proportions. A single voltaic element, p, and 

a series consisting of any number of such elements, — ^, 

form circuits in which the currents have the same force, but 
very different results will be obtained according as the added 
resistance is great or small compared with the original resis- 
tances in the circuits ; if it be small, the effects of the two 
circuits will remain sensibly the same ; but if it be large, the 
resistance that weakens to a very great extent the current in 
the circuit of the single element produces but a trifling dimi- 
nution in that of the series. This explains the necessity of 
employing a series to overcome considerable resistances. The 
same remarks will apply to the comparison of a thermo- 
electric with a voltaic circuit. 

The following is the general formula for the force of the 
current in a voltaic circuit when completed by a connecting 
wire : the metallic plates of the voltaic elements being pa- 
rallel to each other and of equal size : 

F= ^^ 



nRD rl' 



F is the force of the current, E the electro-motive force of 
a single element, n the number of elements, B the specific 
resistance of the liquid, D the thickness of the liquid stratum 
or distance of the plates, S the section of the plates in con- 
tact with the liquid, r the specific resistance of the connecting 
wire, / its length, 8 its section. 

Expressed in words we have the following laws : — 

The electro-motive force of a voltaic circuit varies with the 
number of the elements, and the nature of the metals and 
liquids which constitute each element, but is in no degree 
dependent on the dimensions of any of their parts. 

The resistance of each element is directly proportional to 



« ^_ 
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the duttaDce of the plates from each other in the liquid^ and 
to the specific resistance of the liquid, and is also inversely 
proportional to the surface of the plates in contact with the 
liquid. 

The resistance of the connecting wire of the circuit is 
directly proportional to its length and to its specific resis- 
tance, and inversely proportional to its section. 

The limits of this communication will not allow me to 
dwell longer on the consequences of Ohm^s theory of the 
electric circuit ; for further developments I must refer to the 
author^s work, ' Die Galvanische Kette mathematisch bear- 
beitet,' Berlin 1827, a translation of which has appeared in 
Taylor^s Scientific Memoirs, vol. ii.; to his various other 
memoirs published in Schweigger's ^ Jahrbuch der Physik ;' 
and to the more recent applications of the theory made bj 
Fechner, Lenz, Jacobi, Poggendorfi^, Pouillet, &c. 

There is, however, one class of considerations which it is 
indispensable I should bring forward, because upon it are 
founded many of the instruments and processes which I shall 
have occasion hereafter to mention, — I allude to the laws of 
the distribution of the electric current in the various parts 
of a circuit, when a branch conductor is placed to divert a 
portion of the current from a limited extent thereof. 

Let X be the reduced length of the portion of the circuit 
from which the current is partially diverted, X' that of the 
wire which diverts the current, and L that of the undivided 
part of the circuit. The force of the current in each of the 
adjacent conductors, X and X', can be shown to be in the in- 
verse ratio of their reduced lengths, and the reduced length 
of a single wire, which substituted for both would not alter 

XX' 
the force of the current, to be f , which we will designate 

A "T A. 

bvA. 

» 

The force of the current in the original circuit before the 
introduction of the branch wire will then be expressed thus : 

_, E 
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and the streogth of the current in the three different portions 
of the altered circuit by the following expressions : — 
In the principal or undivided portion L, 

F ^ E ^ E(\-hV 
' L-fA L(X+V)+^^'* 

In the portion from which the current has been partially 
diverted, or X, 

E A EV 



L + A*X L(X + V)-|-XX'* 

In the portion which partially diverts the current, or X', 

E A_ EX 

^^ L + AX' L(X + X')+XX'' 

§3. 

It is seldom that any real advance is made in a scientific 
theory without a corresponding change in its terminology 
being required. Now that it is proved beyond doubt that 
the various sources of continued electric action differ from 
each other only in the amount of their electro-motive forces, 
modified by the resistance of the circuit of which they foi-m 
part, it becomes of importance, in order to give precision to 
our statements and to avoid circumlocutions otherwise inevi- 
table, to adopt general terms to express the source of a cur- 
rent without reference to the peculiar mode of its production ; 
I shall therefore employ the word Rheomotor to denote any 
apparatus which originates an electric current, whether it 
be a voltaic element or a voltaic battery, a thermo-electric 
element or a thermo-electric battery, or any other source 
whatever of an electric current ; when speaking of a single 
element I shall term it a rheomotive element, and what is 
usually called a voltaic or thermo-electric-pile or battery I 
shall term a rheomotive series. I shall still use the ordinary 
expressions when I have to refer to the specific sources of 
the production of electric currents, but when 1 employ the 
general terms they must be understood to apply to all these 
sources indiffcrentlv. 
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The want of a general term to designate an instrument to 
measure the force of an electric current without reference to 
its particular construction has been long felt. I shall use 
the word Rheometer for this purpose^ continuing occasionally 
to employ galvanometer, voltameter, &c. to distinguish the 
particular instruments to which these names have been ap- 
plied, though perhaps the terms Magnetic, Chemical, Calo- 
rific, &c. Rheometer would he more appropriate. 

This may be the proper place to explain a few other terms 
which I have frequent occasion to use, though not in the 
course of the present communication. By Rheotome is meant 
an instrument which periodically interrupts a current, and 
by Rheotrope an instrument which alternately inverts it. A 
Rheoscope is an instrument for ascertaining merely the ex- 
istence of an electric current. The word Rheostat will be 
hereafter explained. 

I have not introduced these terms, which will be found 
greatly convenient and will enable us to state general propo- 
sitions much more clearly, without good authority. The 
word Reophore was employed by Ampere to designate the 
connecting wire of a voltaic apparatus, as being the carrier 
or transmitter of the current ; and the word Rheometer, first 
proposed by Peclet as a synonym for galvanometer, has been 
generally adopted by the French writers on physics. 

§4. 

The method of obtaining the constants of a rheophoric 
circuit adopted by Fechner, Lenz, Pouillet, &c., in their ex- 
perimental verifications of Ohm's theory, is essentially the 
following : — 

The resistance of a circuit is determined by observing the 
force of the current, first without any extra interposed re- 
sistance in the circuit, and afterwards when a known resis- 
tance is added. Then 

_, E ,_, E F R-hr 
F=g,andF=^--.-.p,=-5r-, 

from wliich equation the value of R all the others being 
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known quantities^ is easily deduced: I^ = p^7uv'*" "^^ 

electro-motive force of a circuit is ascertained by multiplying 
the force of the current into the total resistance ; for since 

F=|/.E = FR. 

The principle of this method is extremely simple, but the 
difficulty of determining immediately theTorce of a current 
by means of a galvanometer is an obstacle to its general em- 
ployment. Fechner * measured the force of the current by 
the number of oscillations of the needle when placed at right 
angles to the coils, a very tedious operation ; and others have 
employed the deviations of the needle, the corresponding 
degrees of force having been previously determined by some 
peculiar process, or inferred from some rule depending on 
the particular construction of the instrument. Another im- 
pediment to the use of a galvanometer to measure the force 
of a current arises from the changes in the magnetic inten- 
sity of the needle, which frequently occur, especially when it 
has been acted upon by too strong a current. 

The principle of my method is that of employing variable 
instead of constant resistances, bringing thereby the currents 
in the circuits compared to equality, and inferring from the 
amount of the resistance measured out between two devia- 
tions of the needle, the electro-motive focces and resistances 
of the circuit according to the particular conditions of the 
experiment. This method requires no knowledge of the 
forces corresponding to different deviations of the needle. 

To apply this principle it is requisite to have a means of 
varying the interposed resistance so that it may be gradually 
changed within any required limits. I have contrived two 
instruments for effecting this purpose, one intended for 
circuits in which the resistance is considerable, the other for 
circuits where the resistance is small f- 

* Massbestimmiuigen iiber die Galvanische Kette. Leipzig, 1831, p. 5. 

t It appears that the idea of constructing an instrument of this kind 
had also occurred to Professor Jacobi of St. Petersburgh. When I ex- 
plained to this eminent experimentalist my instruments and processes in 
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^ 5. 

The first instrument is represented in Plate XV. fig. 1. 
A. ^ is a cylinder of wood, and A is a cylinder of brass, both 
of the same diameter, and having their axes parallel to each 
other. On the wood cylinder a spiral groove is cut, and at 



the beginning of August 1840, he informed me that he had himself con- 
structed a similar instrument, which he had exhibited to the Academy of 
Sciences at St. Petersburgh, though no description of it had yet been 
published, and he at the same time showed me a dmwing of it. This 
instrument, which he has since called an Agometer, differs in mechanical 
construction from either of mine, and is less convenient to manipulate ; 
but its principle is the same. In a communication which Professor 
Jacobi made in the following month to the Meeting of the British Asso- 
ciation at Glasgow, and which was published in No. 678 of the * Athe- 
nfeum,* 1840, he thus alludes to the subject : — 

" Before proceeding, I may be permitted to make some remarks con- 
cerning an instrument which I laid before the Academy of Sciences in 
the commencement of this year. It is destined to regulate the galvanic 
current, and is of value in many investigations of this kind. During my 
sjjourn in London, Professor Wheatstone has shown me an instrument, 
founded exactly on the same principles as mine, and with very insigni- 
ficant modifications and differences. Now, it is quite impossible that he 
should have had the least notice of my instrument } but as it is probable 
that its use may be greatly extended, I must add, that while I have only 
used this instrument for regulating the force of the currents, he has 
founded upon it a new method of measuring these currents, and of deter- 
mining the different elements or constants which enter into the analytical 
expressions, and on which depends the action of any galvanic combina- 
tion. It is principally to the measure of the electro-motive force, by 
these means, that Mr. Wheatstone has directed his attention ; and he has 
shown me, in his unpublished papers, very valuable results which he has 
obtained bv this method." 

Professor Jacobi has since his return employed my method of deter- 
mining the constants of a voltaic circuit. The memoirs in which his 
results are given were published in Poggendorff's * Annalen der Physik,' 
ToL liv. No. 2. for 1841, and vol. Ixii. No. 9. for 1842. To the latter the 
learned editor, who has made most valuable researches himself in the 
same path, has appended (p. 89) the following note : — " I will take this 
opportunity to call to mind that I applied the same method (or at least 
one identical to it in principle) before it was communicated to the author 
by Mr. Wheatstone. See the Annals, vol. lii. p. 626." I have referred 
to this volume and find it was published in the latter part of 1841, while 
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one of its extremities a brass ring is fixed ^ to which is at- 
tached one of the ends of a long wire of very small diameter, 
which when coiled round the wood cylinder fills the entire 
groove, and is fixed at its other end to the remote extremity 
of the brass cylinder. Two springs, j and A:, pressing one 
against the brass ring on the wood cylinder, and the other 
against the extremity of the brass cylinder A, are connected 
with two binding screws for the purpose of receiving the 
wires of the circuit. The moveable handle m is for turning 
the cylinders on their axes. When it is placed on the cylinder 
h and is turned to the right, the wire is uncoiled from the 
wood cylinder and coiled on the brass cylinder, but when it 
is applied to the cylinder g and is turned to the left, the re- 
verse is effected. The coils on the wood cylinder being insu- 
lated and kept separate from each other by the groove, the 
current passes through the entire length of wire coiled upon 
that cylinder, but the coils on the brass cylinder not being 
insulated the current passes immediately from the point of 
the wire which is in contact with the cylinder to the spring k. 
The effective part of the length of the wire is therefore the 
variable portion which is on the wood cylinder. 

In the instrument I usually employ the cylinders are six 
inches in length and 1^ inch diameter, the threads of the 
screw are forty to the inch, and the wire is of brass the 
y^gth of an inch in diameter. I employ a very thin wire 
and a badly conducting metal, in order that I may introduce 
a greater resistance into the circuit. 

A scale is placed to measure the number of coils unwound ; 
and the fractions of a coil are determined by an index which 
is fixed to the axis of one of the cylinders and points to the 
divisions of a graduated circle. 

As the principal use of this instrument is to adjust or 

my communication to Professor Jacobi was, as above stated, made in 
August 1840. I may also mention, that the experimental process em- 
ployed by Professor Poggendorff had no resemblance whatever to mine, 
and the result he sought was likewise different ; the mathematical prin- 
ciple of the method was however in the single case he inya«tigated un- 
doubtedly the same. 
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regulate the circuit so that any constant degree of force may 
be obtained, I have called it a Rheostat. 

Plate XV. fig. 1 shows the arrangement of the circuit 
when prepared for an experiment. B is a delicate galvano- 
meter with an astatic needle famished with a microscope for 
reading off the divisions of the circle, which greatly facili- 
tates the observations. C is the rheomotor. 

1 must here digress for a moment to describe the voltaic 
element which I have employed in most of my rheometric 
researches, and which I have found to be very constant in its 
action, and convenient to manipulate with. It is quite un- 
necessary to use large elements in such investigations, for 
when considerable resistances are introduced in the circuits, 
which is most frequently the case, they produce iio percep- 
tibly greater eflfect than smaller ones, and in all cases the 
measures may be as accurately determined by employing 
small elements as large ones. 

The voltaic element C consists of a glazed porcelain cell, 
two inches square and one inch and a half high, in the centre 
of which is placed a small porous cylinder of earthenware or 
wood, filled with a liquid amalgam of zinc, the space between 
the two cells being charged with a solution of sulphate of 
copper ; a slip of thin sheet copper bent round, and having 
one of its edges cut and turned over so that the wire of the 
circuit may be attached to it, or that it may dip into the 
amalgam of another similar cell, is placed in the solution. 
Fig. 3, Plate XVI. represents several such elements com- 
bined to form a series. It will be seen that, in principle, 
this is but a slight modification of Professor DanielFs con- 
stant battery, liquid amalgam of zinc being employed, as in 
Mr. Kemp^s first experiment, instead of amalgamated zinc 
bars or plates, and the acid solution being dispensed with. 
This arrangement is, besides being very constant in its action, 
extremely economical and easy to manipulate. Any negative 
metal may be substituted for copper provided a solution of a 
salt of that metal be employed as the interposed liquid. 
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§6. 

The rheostat which I employ for circuits in which the re- 
sistance is comparatively small ia represented at Plate XV. 
fig. 2. A. a is a cylinder of well-seasoned wood, on the surface 
of which a spiral groove is cut ; a thick copper wire is wound 
round the cylinder occupying the groove, forming as it were 
the thread of a screw. Immediately above the cylinder and 
parallel with its axis is a triangular metal bar by carrying a 
rider or slide c ; to this rider a spring d is attached, which 
constantly presses against the spiral wire, yielding to any 
slight inequality. One end of the spiral wire is attached to 
a brass ring c, against which a spring / presses, which is con- 
nected by means of a binding screw to one end of the circuit, 
the other end of the circuit is held by the binding screw 
which is in metallic connection with the triangular metal 
bar. On turning the handle h the cylinder is caused to move 
on its axis in either direction, and the rider, c guided by the 
wire moves along the bar, advancing or receding according 
as the cylinder is moved to the right or to the left ; the rider 
coming in contact with a different point of the spiral wire, a 
different resistance is introduced into the circuit, consisting 
of that portion of the wire only which is included between 
the rider and the end of the wire connected with the spring /. 
The cylinder of the instrument I have constructed is lOi 
inches in length, and 3 J inches in diameter ; the wire is of 
copper the 16th of an inch thick, and it makes 108 coils 
round the cylinder. The dimensions of the instrument, and 
the thickness, length, and material of the wire, may be varied 
according to the limits of the variable resistance required to 
be introduced into the circuit, and the degree of accuracy 
with which these changes are required to be measured. 

Fig. 2 (Plate XV.) represents the arrangement of a thermo- 
electric circuit in which this instrument is interposed. C is 
the thermo-electric element : B the galvanometer, which in 
this case must not have numerous coils of fine wire as in the 
preceding arrangement, for this would introduce too great a 
resistance into the circuit, but must consist of jbl single thick 
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plate or wire making a single convolution ; or, which I think 
is preferable, the method of diverting a portion of the current 
from the wire of a delicate galvanometer described in § 15. 
may be adopted. Any rheometer in which the resistance is 
small may be employed in conjunction with this form of the 
rheostat, instead of a thermo-electric element, as repre- 
sented. 

The rheostat, especially under the form last described, may 
be usefully employed as a regulator of a voltaic current in 
order to maintain for any required length of time precisely 
the same degree of force, or to change it in any desired pro- 
portion. Interposed in the circuit of an electro-magnetic 
engine, however the rheomotor may vary in its energy, the 
same velocity may be constantly restored by turning the 
cylinder of the regulator to the left or to the right, according 
as the velocity increases or decreases ; or any different velo- 
city, within given limits, may be obtained by adjusting the 
rheostat accordingly. Since the consumption of materials 
in a voltaic battery in which there is no local action decreases 
in the same proportion as the increase of the resistance in 
the circuit, this method of altering the velocity has an ad- 
vantage which no other possesses, the effective force is always 
strictly proportional to the quantity of materials consumed 
in producing the power, a point which, if further improve- 
ments should ever render the elactro-magnetic engine an 
available source of mechanical power, will be of considerable 
. importance. 

In vol ta- typing operations the advantage of using the 
rheostat is obvious. By varying the rheostat from time to 
time so as to keep the needle of a galvanometer to the same 
point, a current of any required degree of energy may be 
maintained, without any notable increase or diminution, for 
any length of time ; and, as the nature of the deposit, when 
the solution from which it is made remains the same, varies 
only with the force of the current and the magnitude of the 
surface on which the metal is reduced, when once a good 
effect has been obtained the same circumstances may be re- 
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produced with ease and certainty, and the effects of chance 
entirely eliminated. 

In the operations of voltatyping, electro-gilding, &c., and 
in the production of Nobili^s colours, the advantage of using 
the rheostat is obvious. 

This however is not the place to dilate on this subject. 

§ 7. Standard of Resistance. 

It is of the highest importance to have a correct standard 
of resistance, and one that can easily be reproduced for the 
purpose of comparison. A copper wire of a given length and 
diameter might be employed, but as very small differences of 
diameter are attended with considerable differences in the 
resistances of wires, it is more convenient to assume for the 
unit of resistance a wire of a given length and weight, which 
allows small differences to be very accurately determined. I 
shall in all my experiments, therefore, take for the unit of 
resistance a copper wire one foot in length, and weighing 
100 grains. The diameter of this wire is the '071 of an inch, 
and it is intermediate to the numbers designated in commerce 
as fifteen and sixteen. 

§ 8. The Resistance Coils. 

It is frequently required to measure resistances much 
greater than can be effected by means of the rheostat, though 
the reduced length of its wire is considerable. I may wish 
to know, for instance, the resistance of the wire of the electro- 
magnets of my telegraphic apparatus, which is sometimes 
many hundred yards in length ; or that afforded by an ex- 
tensive telegraphic line, or the resistance of a certain extent 
of an imperfectly conducting liquid. In all these cases and 
a variety of others I employ another instrument, which en- 
ables me to interpose in the circuit resistances to any amount, 
and yet to obtain by the conjoined use of the rheostat, which 
serves as its fine adjustment, any required degree of accuracy. 
This instrument is represented at Plate XV. fig. 1. D ; it con- 
sists of six coils of fine silk-covered copper wire, about the 
■j^^th of an inch in diameter ; two of these coils are fifty feet in 
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length, the others are respectively 100, 200, 400, and 800 feet 
in length. The two ends of each coil are attached to short 
thick wires fixed to the upper faces of the* cylinders, which 
serve to combine all the coils into one continued length ; the 
two wires a, b form the extremities of the coils by which they 
are united to the circuit. On the upper face of each cylinder 
is a double brass spring moveable round a centre, so that its 
ends may rest at pleasure either on the ends of the thick 
connecting wires, or may be removed from them and rest 
only on the wood. In the latter position, the current of the 
circuit must pass through the coil, but in the former posi- 
tion, the current passes through the spring, and removes the 
entire resistance of the coil from the circuit. When all the 
springs rest on the wires, the resistance of the whole series 
of coils is removed, but by turning the springs so as to intro- 
duce different coils into the circuit, any multiple of 50 feet 
up to 1600 may be brought into it. 

As the measurement of these long lengths of wire cannot 
be accurately depended upon, it is advisable to ascertain the 
number of units of resistance in each coil, which, with the 
aid of the rheostat, may be easily efi'ected. I find the resis- 
tance of the entire 1600 feet to be equivalent to 218,880 
units of resistance, or feet of the standard wire. I occasion- 
ally employ an auxiliary series of coils combined in the same 
way as the preceding, consisting of six coils of the same wire, 
each 500 yards in length. The reduced length of this series 
is above 233 miles of the standard wire. By combining it 
with the preceding, 1 am able to measure resistances equal 
to 274^ miles. 

§9. 

When a perfectly constant element, a galvanometer and a 
rheostat are placed in a circuit as in fig. 1 (Plate XV.), the re- 
sistance of any interposed body may be ascertained in the fol- 
lowing way. Observe the point at which the needle stands ; 
then remove the body, the resistance of which is to be mea- 
sured, from the circuit, and, by means of the rheostat, add a 
sufficient length of wire to bring the needle again to the same 
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point. The number of standard units corresponding to this 
added length will be the measure. 

It is a point of importance to determine the resistance of 
the wire of the galvanometer employed in the experiments ; 
to ascertain this by the above method an auxiliary galvano- 
meter would be required, but when a second galvanometer is 
not at hand, recourse may be had to the following process. 
Take two rheomotive elements exactly equal both in electro- 
motive force and resistance ; place one of them in the circuit 
fig. 1 (Plate XV.), and observe accurately the deviation of 
the needle ; then interpose also the other element and bring 
the needle again to the same point by means of the rheostat. 
The equivalent of the wire uncoiled \, will be the measure of 
the resistance of the galvanometer wire g plus that of the 
connecting wires r. Subtracting r from X., the resistance 
of ff will be determined, 

E^ _ 2E _ 

R + r+^-2 R + r+^+V /.iJr-X-r. 

The resistance of a galvanometer wire or any other inter- 
posed resistance may be still more accurately ascertained by 
means of the instruments described in § 16. 

§ 10. Process to ascertain the Sum of the Electro-motive 

Forces in a Voltaic Circuit. 

The rheostat affords a most ready means of ascertaining 
the sum of the electro-motive forces active in a voltaic circuit, 
without requiring for this purpose the aid of a rheometer 
graduated to indicate proportional forces, or having recourse 
to the tedious process of counting the oscillations of a needle, 
employed by Fechner in his investigations. To save time 
and trouble in this operation will be of great importance to 
the future progress of electro-chemistry, on account of the 
great number of experiments of this kind which yet remain 
to be made, and also from the fluctuations in the electro- 
motive forces of many circuits from chemical and other 
actions, which render observations requiring considerable 
time to make completely valueless. 



THE CONSTANTS OF A VOLT.^C CIRCUIT. 113 

The principle of my process is as follows : — In two circuits, 
producing equal rheometric effects, the sum of the electro- 
motive forces divided by the sum of the resistances is a con- 

stant quantity, i.e. ^= -^ ; if E and R be proportionately 

increased or diminished, F will obviously remain unchanged. 
Knowing therefore the proportion of the resistances in two 
circuits producing the same eflFect, we are able immediately 
to infer that of the electro-motive forces. But as it is diffi- 
cult in many cases to determine the total resistance, consist- 
ing of the partial resistances of the rheomotor itself, the gal- 
vanometer, the rheostat, &c., I have recourse to the following 
simple process. Increasing the resistance of the first circuit 

E 
by a known quantity r, the expression becomes ^- ; in 

order that the effect in the second circuit shall be rendered 
equal to this, it is evident that the added resistance must be 
multiplied by the same factor as that by which the electro- 
motive forces and original resistances are multiplied, for 

=■ =-^=r . The relations of the lengths of the added 

resistances r and n r, which are known immediately, give 
therefore those of the electro-motive forces. 

Experimentally I proceed thus : — I interpose the rheostat 
and the galvanometer in the circuit, and then add, by means 
of the former, assisted if necessary by the resistance coils, a 
sufficient resistance to bring the needle exactly to 45°; I 
then ascertain the length of wire uncoiled from the brass 
cylinder of the regulator necessary to reduce the deviation of 
the needle to 40°. The number of turns is the measure of 
the electro-motive force, the number corresponding to that 
of a standard element having been previously determined. 

§ 11. 

I subjoin a few measures of electro-motive forces obtained 
by the preceding process. 

.1. Three elements of different sizes, consisting of copper, 
a solution of sulphate of copper, and a liquid amalgam of 
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zinc, were successively placed in the circuit. The number 
of turns of the rheostat recjuisite to reduce the needle from 
45^ to 40° were : — 

Small element described in § 5 SO turns. 

Copper cylinder 3^ inches high and 2 J inches diameter . . 30 turns. 
Copper cylinder 6 inches high and 3J inches in diameter . 30 turns. 

Hence, conformably to the theory, the magnitude of an 
element occasions no difference in its electro-motive force. 

2. Five small elements of copper and amalgam of zinc 
were charged respectively with the following five solutions of 
copper — the sulphate, the ammonia sulphate, the acetate, the 
per-muriate, and the nitrate. 'Though the force of the current 
produced by each element separately was very different, 
owing to the different conductibility of the solutions, yet, 
with the exception of the nitrate, all required the same 
number of turns, indicating equal electro-motive forces ; the 
latter fluctuated between 23 and 29, owing to some disturb- 
ing action probably of the nitric acid on the mercury of the 
amalgam. 

3. The electro-motive forces of a circuit in which 1, 2, 3, 4, 
5 similar elements were successively placed, were measured. 

1 element required 30 turns. 

2 elements 61 turns. 

3 elements 91 turns. 

4 elements 120 turns. 

5 elements 150 turns. 

The electro-motive force of a circuit is therefore, as theory 
indicates, proportional to the number of similar elements of 
which it is formed, arranged in series. 

4. The next experiments were made to determine the 
amount of the contrary electro-motive force which is intro- 
duced into a circuit when a voltameter or decomposing cell 
is interposed. The liquid in contact with the platinum elec- 
trodes was dilute sulphuric acid. The measure of this con- 
trary electro-motive force is obtained by subtracting the 
actual number of turns from the number corresponding with 
the electro-motive force of the circuit when the decomposing 
cell is removed from it. 
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Contnuy electro- 
motiTe foroe. 

3 elements with decomposing cell 21 turns 00— 21sb69 

4 elements with decomposing cell 50 turns 120— 50as70 

5 elements with decomposing cell 79 turns 150— 79=71 

6 elements with decomposing cell 109 turns 180— 109=70 



Mean 70 

The contrary electro-motive force may be considered there- 
fore in this case to be constant, and to be to that of a single 
standard element as 7 : 3. It is hence obvious why three 
such elements are necessary to decompose water in a cell 
with platinum electrodes of a certain size, and charged with 
dilute sulphuric acid. The amount of this contrary force 
varies with different liquids, and according to the nature of 
the electrodes employed : as it is not my present object to 
investigate this subject, but merely to give a few examples 
of the measures which may be obtained by the above-men- 
tioned method, I shall not enter on the consideration of 
these interesting but intricate modifications. 

5. The highest electro-motive force which a voltaic element 
consisting of two metals and one interposed liquid can mani- 
fest, is when the liquid is a solution of a salt of the negative 
metal, so that by the continual deposition of this metal the 
negative surface is kept free from the contact of heteroge- 
neous substances which would tend to give rise to a reverse 
current. When, in consequence of the chemical action, any 
heterogeneous solid matter is deposited on, or any evolved 
gas adheres to, the negative surface, the electro-motive force 
of the element is reduced. The following measures will show 
the reduction in electro-motive force of a: zinc and copper, 
and of a zinc and platinum element, by substituting dilute 
sulphuric acid for the metallic salt; the changes in these 
cases are effected by the adhesion of hydrogen to the surface 
of the negative metal. 

Amalgam of zinc . Sulphate of copper. . Copper . 50 urns. 
Amalgam of zinc . Dilute sulphuric acid . Copper . 20 turns. 

Amalgam of zinc . Chloride of platinum . Platinum. 40 turns. 
Amalgam of zinc . Dilute sulphuric acid . Platinum . 27 turns. 

i2 



•c 
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6. The proportion of zinc in the liquid amalgam does not 
appear to eflfect the electro-motive force of the voltaic element 
of which it forms part; the number of turns of the rheostat 
remains the same although the quantity of zinc may vary 
very considerably. I was therefore led to think that tolerably 
accurate measures might be made of the comparative electro- 
motive forces of the alkaline and earthy bases. An element 
was formed of liquid amalgam of potassium, sulphate of zinc, 
and zinc ; the potassium was in proportion to the mercury 
less than 2 per cent. : there was no apparent local action, 
and the current was remarkably constant and continuous. 

The following were ascertained to be the electro-motive 
forces of different elements in which the positive metal was 
amalgam of potassium, and the negative metals respectively 
were zinc, copper, and platinum. 

Amalgam of potassium . Sulphate of zinc . . Zinc . . 29 turns. 
Amalgam of potassium . Sulphate of copper . Copper . 69 turns. 
Amalgam of potassium . Chloride of platinum . Platinum . 69 turns. 

The electro-motive force of the first combination nearly 
corresponds with that of zinc and copper, and when the re- 
sistance in the circuit is equivalent, produces a current 
having nearly the same degree of force. The third combi- 
nation is one of great electro-motive energy, and when a 
voltameter with small electrodes is interposed in the circuit, 
decomposes the water in it abundantly. 

It would not be difficult to submit to experiments of this 
kind all the alkaline and earthy bases ; as the proportion in 
the an^algam does not seem to be of importance, they might 
be easily prepared by means of a voltaic battery. It would 
be interesting to know what rank the hypothetical base of 
ammonia would hold in this scale of electro-motive forces. 

7. A still higher electro-motive force may be obtained by 
employing, in conjunction with the amalgam of potassium, a 
platinum plate covered with a film of peroxide of lead*. 



• A rheomotive series of ten such elements will have an electro- 
motive force equtil to thirty-three elements of Daniell's battery, or fifty 
of Wollastoa's arramfement in irood action. Voltaic combinations^ in 
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Such a plate is easily prepared by making it the positive 
electrode in a decomposing cell, charged with a solution of 
acetate of lead. The films thus formed exhibit, as Nobili 
has shown, according to their thickness, the colours of 
Newton^s rings. 

Amalgam of zinc . . Dilute sulphuric acid Peroxide of lead 68 turns. 
Amalgam of potassium Dilute sulphuric acid Peroxide of lead 98 turns. 

The following measures were obtained when peroxide of 
manganese was substituted for the peroxide of lead. The 
peroxide of manganese was deposited on a platinum plate 
which formed the positive electrode of a decomposing cell 
containing a solution of chloride of manganese. 

Amalgam of zinc . . Diluted sulphuric acid Peroxide of manganese 54 turns. 
Amalgam of potassium Diluted sulphuric acid Peroxide of manganese 84 turns. 

A weak current is produced by employing a clean platinum 
plate in conjunction with one covered with the peroxide, in 
which combination the former acts the part of zinc. In this 
case the positive metal undergoes no chemical action, but on 
the negative side the peroxide is reduced by the evolved 
hydrogen. 

8. The following measures conclusively show, that if three 
metals be taken in their electro-motive order, the electro- 
motive force of a voltaic element, formed of the two extreme 
metals, is equivalent to the sum of the electro-motive forces 
of the two elements formed of the adjacent metals. 

1. 

Amalgam of potassium Sulphate of zinc . Amalgam of zinc 29 turns. 

Amalgam of zinc . . Sulphate of copper Copper .... ^0 turns. 

Amalgam of potassium Sulphate of copper Copper .... 59 turns. 

2. 

Amalgam of potassium Sulphate of zinc . ' Amalgam of zinc 29 turns. 

Amalgam of zinc . . Chloride of platinum Platinum. . . 40 turns. 

Amalgam of potassium Chloride of platinum Platinum. , .69 turns. 

which peroxide of lead is substituted for the negative metal, have been 
experimented with by Professors Schonbein (Phil. Mag., 3rd Series, 
vol. xii. p. 255, March iaS8) and De La Rive (Archives de TElectricit^, 
No. 7, April 1843). 
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9. I wished to compare the electro-motive force of a 
thermo-electric element, the two metals of which were bis- 
muth and copper, and whose opposite joints were exposed to 
the fixed temperatures of 32° and 212°, with that of a stan- 
dard voltaic element. As the interposition of the galvano- 
meter greatly reduced the force of the current in the thermo- 
electric circuit, so that I could not advance the needle to 45°, 
I employed, instead, the reduction of the needle from 10° to 
5°, The ratios of the measures of the electro-motive forces 
remain the same between whatever two points the needle is 
made to vary, provided they do not change during the same 
series of experiments. 

Thermo-electric element of bismuth and copper, the I q . 

temperatures of the joints being 32® and 212° .... I 
Standard voltaic element of amalgam of zinc, sulphate ) ^^^ . 

of copper, and copper I 

The relative electro-motive forces are therefore as 1 : 94*6*. 

§12. 

The resistance or reduced length of a rheomotor may be 
ascertained by either of the following processes : — 

F^rst Method, — Place the galvanometer and the rheostat in 
the circuit, and adjust the latter until the needle of the gal- 
vanometer stands at a determined point. Then divide the 
current which passes through the wire of the galvanometer, 
by placing an equal resistance by its side : the needle will 
recede. The reduced length, measured by the number of 
turns of the rheostat, required to be taken out of the circuit 
in order to make the needle stand at its former point, will be 
equal to half the total resistance of the undivided portion of 
the original circuit. The resistance of the galvanometer and 
connecting wires, and of the coils of the rheostat in the 
circuit before the experiment, having previously been deter- 
mined, that of the rheomotor is easily obtained by subtract- 
ing the former from the total resistance measured. 

• PouiUet, by a very different process, has ascertained this proportion 
to be as 1 : 95. See El^mens de Physique Exp^rimentale, 3»^« ed. 
tom. i. py^l. 
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Let £ be the electro-motive force, g the resistance of the 

galvanometer wire, and R all the other resistances in the 

circuit. The force of the current acting upon the needle will 

E 
be F=^ \ adding by the side of the galvanometer wire 

another wire having the same resistance, is equivalent to sub- 
stituting for it a wire of double section, and the expression 

for the resistance of the circuit becomes R + § ; but since, in 

consequence of the division of the current, only one-half its 

force acts upon the needle, this action may be represented by 

IE 
p-^-j— . To render this expression equivalent to the first, the 

E IE 

resistance R must be reduced one-half, for ^i =t^^ — ,— ; 

R + <7 iR + ii^' 

the resistance taken out of the circuit to effect this reduction 
is obviously equal to half the resistance of the undivided por- 
tion of the original circuit, 

E __ ^E R 

Second Method. — Bring the needle of the galvanometer, by 

means of the rheostat, to a determined point which we will 

call b. Ascertain the resistance r requisite to reduce the 

needle to a lower point a. Restore it to 6 ; then place a wire 

to divide the current with the galvanometer, and alter this 

wire until the needle again stands at a. When the needle 

E 

stands at 6, F=^ : when it stands at a in the first case 

R+i? 

F=~ , in the second case V=-rr- ;. 

Equating these two expressions, 

E Er* T. ^^ 



R+g-^r R(y-hr')H-^r' '• g 

and as these factors are known, R may be readily determined. 
The resistance of the rheomotor may be obtained from this 
as before. 

If r'=g, that is if the resistance of the galvanometer wire 
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be equal to that of the wire which diverts a portion of the 
current from it, then R=r. 

Third Method, — Bring the needle to any determined point, 
and ascertain by means of the instrument described at § 18, 
what degree corresponds to one half the intensity thus indi- 
cated. Since, when the electro-motive force remains the 
same, the force of the current is simply inversely as the total 

resistance, to reduce the needle from a to ^ a resistance 

exactly equal to that previously existing in the circuit must 
be added ; therefore the number of turns of the rheostat re- 
quired to reduce the needle from a to ^r will be the measure 

of the total resistance of the circuit when the needle stood at 
a. The total resistance beitig thus measured, that of the 
rheomotor is determined by subtracting from it the other 
known resistances, including that of the galvanometer. 

More generally, if the forces of two currents, a and b, cor- 
responding to two stationary positions of the needle, are 
known (§ 19.), the total resistance of the circuit will be 

br 
R= y r being the resistance added to reduce the current 

from a to b. If a=2 6, then R=r as before. 

Fourth Method. — For this and the following process two 
exactly equal rheomotors must be employed ; their equality 
may be tested by successively interposiug them in the same 
circuit, when one and the other should deflect the needle of 
the galvanometer precisely to the same degree. 

Place one rheomotor in the circuit and adjust the rheostat 
until the needle points to any degree arbitrarily fixed upon ; 
then add the second element by the side of the first, and in- 
crease the reduced length of the circuit by turning the rheo- 
stat until the needle again points to the same division. The 
known quantity, measured by the Aumber of turns of the 
rheostat, by which the reduced length of the circuit is in- 
creased, is equal to one half the resistance of a single rheo- 
motor. By placing the second rheomotor by the side of the 
first, the resistance of that portion of the circuit is reduced 
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one half; therefore, to restore the former condition of the 
circuit, a resistance equal to one half that of the rheomotor 
must be added. For 

E E .^_R 



R + r-R^^^^ 2 

2 

R being the resistance of the rheomotor, and r the other re- 
sistances in the first circuit. 

Fifth Method, — Place both the rheomotors in series, and 
vary the resistance until the needle stands at any determined 
degree. Then place them side by side, and increase the re- 
sistance, by turning the rheostat until the needle again stands 
as before. The resistance of a single rheomotor is equal to 
twice the resistance required to be added, plus all the resis- 
tances in the first circuit except that of the rheomotor, 

2E ^ E 
2R-hr R, .. .•.R=r + 2X, 

R being the resistance of the rheomotor, r the other resis- 
tances in the first circuit, and X the resistance added by the 
rheostat to make the force of the current in the second 
circuit equal to that in the first. 

The resistance of one of the elements of the battery de- 
scribed in § 5, I have found to be equal to 2128 standard 
units. 

§ 13. 

The resistance of a standard rheomotor having been accu- 
rately determined by either of the processes above described, 
the resistance of any other rheomotor, in which the electro- 
motive force is the same, may be obtained by a still more 
expeditious method. The needle of the galvanometer being 
brought to a determined point when the standard rheomotor 
is interposed in the circuit : if this be removed, and the 
rheomotor to be measured be substituted in its place, the 
number of coils of the rheostat, added to or subtracted from 
the circuit, to make the current in the latter case equal to 
that in the former, when added to or subtracted from the re- 
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sistance of the standard rheomotor^ will give that of the 
rheomotor to be measured. If R' be greater than R, 
R' = R+r; but if R' be less than R, R'=:R-.r. By this 
simple process the resistances of voltaic elements of diflferent 
forms^ magnitudes^ &c. may be readily compared. 

§ 14. Imtrument for Measuring the Resistance of Liquids, 

We do not at present possess any accurate measures of the 
conductibilities of liquids, nor have there yet been formed 
any tables which show even the real order of their conduct- 
ing powers. In the experiments having this object in view 
which have hitherto been made, the contrary electro-motive 
force, which generally arises when the electric current passes 
through a liquid capable of undergoing decomposition (§11, 
4.) , has been left entirely out of consideration, and the results 
therefore have widely deviated from the truth. By the 
simple instrument represented at Plate XVI. fig. 4, I have 
been able to eliminate completely this source of error, and to 
obtain perfectly constant results. A is a glass tube about 
two inches long and half an inch in internal diameter; a por- 
tion of the tube is ground away for an inch and a quarter of 
its length, so as to leave a segment of 270° ; at one extremity 
of this aperture is fixed a metal plug terminated by a pla- 
tinum plate, and at the other end is a moveable piston, ter- 
minated also by a plate of platinum, capable of being advanced 
to within a quarter of an inch from the fixed plate ; the range 
of its motion is thus limited to one inch, and an attached 
micrometric apparatus enables any portion of this distance 
to be accurately measured. To obtain the measure of the 
resistance of a liquid I proceed in the following way : — I in- 
terpose in the circuit a small constant battery, consisting of 
about three elements, with the rheostat, the resistance-coils, 
the galvanometer, and the measuring tube just described. 
The end of the piston being a quarter of an inch distant from 
the fixed plate, I fill the intervening space with the liquid 
the resistance of which is to be measured. I then adjust the 
rheostat to bring the needle of the galvanometer to a deter- 
mined point; this having been noted, I draw the piston 
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back through the entire remaining space of one inch, and fill 
the vacancy with the same liquid; the needle will recede 
towards zero. I then diminish the resistance of the circuit 
by means of the rheostat and the resistance-coils, until the 
needle stands at the same point that it did when only a 
quarter of an inch of the liquid column was interposed. The 
reduced length of the wire thus taken out of the circuit will 
be the measure of the resistance of one inch of the liquid. 
The contrary electro -motive force arising from the decompo- 
sition of the liquid exists in the circuit during the whole pro- 
cess, and therefore does not affect the result. 

The measure of the resistance of a liquid must be made 
immediately after it is placed in the circuit, because if a cur- 
rent be allowed to act upon it for any length of time the 
nature of the solution changes. In the case of sulphuric 
acid, for instance, the solution is rendered stronger by the 
decomposition and consequent diminution of the water, while, 
in the case of a metallic salt, not only is the water decom- 
posed, but the metal is reduced, and free acid is liberated. 
Under the conditions, however, of my experiments, the che- 
mical action is so slow, and the time of operation is so short, 
that no sensible changes of this kind take place. 

Tlie resistance of liquids to the transmission of electricity 
is, no doubt, one of their most important physical properties. 
An investigation of all the circumstances which occasion 
changes in this property, especially if accompanied with accu- 
rate quantitative determinations, must necessarily lead to 
important and hitherto unobserved relations. To investigate 
the changes due to different degrees of dilution and tempera- 
ture alone will be a task requiring considerable patience. I 
have made many measures of the specific resistances of dif- 
ferent conducting liquids, by the aid of the preceding pro- 
cess, but as they have not been sufficiently numerous to 
enable any general conclusions to be drawn, and as I am at 
present engaged iu a more extensive series of experiments in 
which strict attention will be paid to all the known influen- 
cing circumstances, I shall defer an account of them to a 
future occasion. 
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As bodies differ so much from each other in their specific 
resistances^ and as the means of determining this property 
are so easy, it cannot be doubted that hereafter this process 
will be extensively employed to detect the purity of sub- 
stances and to distinguish them from each other. 

Another method of measuring the resistance of a conduct- 
ing liquid is the following : — Prepare a circuit the electro- 

E 
motive force and resistance of which are known^ p ~^' ^^" 

terpose the liquid which is to be the subject of experiment in 
a small cell with two parallel platinum electrodes ; the ex- 
pression for the circuit will then be -- "^=F, e being the 

contrary electro-motive force, and x the resistance of the 
liquid which is to be determined. Having ascertained the 
value of e by the process described in § 10, subtract, by 
means of the rheostat and coils, a resistance which shall 
make the force again equal to F ; the expression will then 

become .g — ^- =-, whence a?=X—^R. Therefore the re- 

sistance x of the liquid is equal to the resistance X taken out 
of the circuit by the rheostat, minus the total resistance of 

the original circuit multiplied by the ratio ^. 

Jbi 

§15. 

When a galvanometer is employed to measure the force of 
a current, its wire is usually interposed in the circuit. But 
it is impossible, in this way, to make use of the same galva- 
nometer to measure the force of the current in circuits of 
different kinds. A galvanometer with numerous coils of thin 
wire adds a very considerable resistance to a circuit in which 
the electro-motive force is great and the resistance small ; 
while, on the other hand, a galvanometer with a short thick 
wire will give scarcely any indication in a circuit in which 
the resistance is very great, though the electro-motive force 
may be considerable. Besides, a delicate galvanometer is 
incapable of indicating energetic forces. 
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But by the following simple means the same delicate gal- 
vanometer may be employed to measure forces of every 
degree of energy, and in all kinds of circuits, without intro- 
ducing any inconvenient resistance into them. 

If the current be caused to pass simultaneously through 
two paths, one being the wire of the galvanometer, and the 
other another wire connected with its two ends, the current 
will be divided in the inverse proportion of the resistances of 
the two paths. The action upon the needle of the galvano- 
meter may hereby, by employing diflferent wires to divert a 
portion of the current, be reduced to any degree. If the 
proportionate forces are known for the galvanometer without 
the reducing wire, they will remain equally proportionate 
whatever the resistance of the latter may be ; but measures 
made with the same instrument, with difiFerent reducing wires 
applied, will not be comparable unless the changed resistance 
of the galvanometer thus modified be taken into account. 

But strictly comparable measures may be obtained, if the 
precaution be taken of adding, to the principal portion of the 
circuit, a resistance which will compensate for the diminution 
of resistance occasioned by placing the reducing wire. Let g 
be the reduced length of the galvanometer wire, and w^ that 
of the reducing wire : the force of the current in the prin- 
cipal portion of the circuit will be to that in the galvano- 

ft 
meter wire as 1 : -. The resistance to be added to the 

n + 1 
principal portion of the circuit, in order to maintain the cur- 
rent the same as when no reducing wire is added, is —?—, 

n+ 1 

When the measures of energetic currents are required to 
be determined by means of a delicate galvanometer, it is 
sufficient to attach its two ends to two points of the conduct- 
ing wire *. The distance between these points must remain 

• Profes8or Petrina, of Linz, has proposed (Poggendorff's *Annalen,' 
vol. Ixii. 1842, No. 9) a similar means of measuring and comparing 
electric currents of every degree of force. He interposes in the circuit a 
canal of mercury, the section of which is four square lines, and plunges 
into it, at various distances from each other, the ends of the wire of a 
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the same in all eomparative experiments, but the absolute 
deviations of the needle will be greater as these points are 
further from each other. In the case of the circuit of a 
powerful electro-magnetic engine, or of a volta-typing appa- 
i*atus, the diminution of resistance occasioned by connecting 
the galvanometer wire in the manner above described is so 
trifling that it would be useless to take it into account, and 
the compensation above alluded to is therefore unnecessary. 

§ 16. The Differential Resistance Measvrer. 

The method of determining the resistance of metal wires 
and other conductors of electricity by means of the rheostat, 
described in § 9, is inapplicable when small differences are 
to be observed. If, for instance, a short length of wire has 
to be examined, its resistance is so small compared with the 
other resistances in the circuit, including that of the batter}^, 
that whether it be interposed or not, no change is observable 
in the deviation of the needle ; and, even if greater lengths 
of the conducting substance be employed, fluctuations in the 
power of the battery frequently render the observation un- 
certain. 

The differential galvanometer proposed by M. Becquerel, 
had it been an instrument as practically as it is theoretically 
perfect, would have enabled us to ascertain very minute dif- 
ferences of resistance with great facility. But it is almost 
impossible so to arrange the two coils that currents of equal 
energy circulating through them shall produce equal devia- 
tions of the needle in opposite directions, the consequence of 
which is that the standing of the needle at zero is no indica- 
tion of equality in the currents. This and other defects have 
prevented the differential galvanometer from coming into use. 

sensitive galvanometer. He shows that if the resistance in the galvano- 
meter wire be very considerable, and that of the mercury in the canal be 
small in comparison, the force acting on the galvanometer needle will be 
sensibly proportional to the distance between the ends of the wire ; and 
he has fomided on this principle a ready approximative method of grar 
duating the galvanometer. 
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All the advantages, however, which were expected firom 
this instrament may be obtained, without any of its accom- 
panying defects, by means of the simple arrangement I am 
about to describe, which, moreover, has the advantage of 
being immediatelT applicable to any galvanometer, instead 
of requiring, as in the former case, the instrument to be 
peculiarly constructed. 

Fig. 5 (Plate XVI.) represents a board on which are placed 
four copper wires, Zb,Za, C a,C by the extremities of which 
are fixed to brass binding-screws. The binding-screws Z, C 
are for the purpose of receiving wires proceeding from the 
two poles of a rheomotor, and those marked a, b are for holding 
the ends of the wire of a galvanometer. By this arrangement 
a wire firom each pole of the rheomotor proceeds to each end 
of the galvanometer wire, and if the four wires be of equal 
length and thickness, and of the same material, perfect equi- 
librium is established, so that a rheomotor, however powerful, 
will not produce the least deviation of the needle of the gal- 
vanometer from zero. The circuits Z 6 a C Z, and ZabCZ/ 
are in this case precisely equal, but as both currents tend to 
pass in opposite directions through the galvanometer, which is 
a common part of both circuits, no eflFect is produced on the 
needle. Currents are however established in Z 6 C Z, and 
Z a C Z, which would exist were the galvanometer entirely 
removed. But if a resistance be interposed in either of the 
four wires, the equilibrium of the galvanometer will be dis- 
turbed ; if the resistance be interposed in Z A or C a, the 
current Z a 6 C Z will acquire a preponderance ; if it be 
inserted either in Z a or C 6, the opposite current, ZbaCZ, 
will become the most energetic. If the resistance interposed 
in the wire be infinite, or which is the same thing, if the wire 
(which wc will suppose to be C b) be removed, the energy of 
the current passing through the galvanometer will be that of 
a partial current Z b a passing through one of the wires plus 
the galvanometer wire ; the path of the diverted portion of 
the current being Z a. According to this disposition, the force 

E 

of the original current = p . ^ — -—, and that of the partial 
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current acting on the galvanometer = r(3^^^) j'2rHr^ ^ 

R being the resistance of the rheomotor^ r that of a single 
wire, and g that of the galvanometer. 

The equilibrium having been disturbed by the introduction 
of a resistance in one of the wires, it may be restored by 
placing an equal resistance in either of the adjacent wires. 
For the purpose of interposing the measuring resistance and 
the resistance to be measured, the wires Z b and C b are in- 
terrupted, and binding-screws, c, d and e, f, are fixed for the 
reception of the ends of the wires. The equilibrium when 
once established is not in any degree affected by fluctuations 
in the energy of the rheomotor. 

Fig. 6 (Plate XVI.) represents a different and, in some 
respects, a more convenient arrangement of the wires to pro- 
duce the same result; the same reference letters are cm- 
ployed, and the preceding observations apply to it equally. 

Slight differences in the lengths, and even in the tensions 
of the wires, are sufficient to disturb the equilibrium ; it is 
therefore necessary to have an adjustment, by means of 
which, when two exactly equal wires are placed in C a and 
Z a, the equilibrium may be perfectly established. For this 
purpose, in the instrument, fig. 6, a piece of metal n, con- 
nected with the binding-screw 6, is inlaid in the board, and 
another piece of metal m moves round n as a centre, whilst 
its free extremity always rests on the wire. According as 
the moveable piece of metal makes a greater angle with the 
fixed piece, the resistance of the path Z 6 is diminished ; if, 
however, the equilibrium is disturbed because the resistance 
in C 6 is too great, the moveable piece of metal must be 
placed on the opposite side of the fixed piece. 

No fixed dimensions can be assigned to these instruments. 
The boards of those I employ are fourteen inches long and 
four inches wide, and the wire is copper ^^th of an inch in 
diameter. A single voltaic clement of large surface will 
produce a more considerable effect than a battery of small 
elements*. A thermo-electric arrangement, or a magneto- 

* When a single element of DanielFs battery, 6 inches high and 
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electric machine may be substituted for the voltaic element 
or battery; and a voltameter or any other description of 
rheometcr may in some cases supply the place of the galva- 
nometer. It is scarcely necessary to state that these instru- 
ments are not adapted to measure the resistances of sub- 
stances capable of undergoing chemical changes from the 
action of an electric current, on account of the contrary 
electro-motive forces which arise under such circumstances*. 

§ 17. 

Another differential arrangement, which will be found 
useful in some circumstances, may be worth mentioning ; it 
is much more sensible than the preceding, but as the equi- 
librium indicated is that between two currents generated by 
independent rheomotors, instead of diverted portions of the 
same current as in the instruments previously described, the 
state of equilibrium will be disturbed by every fluctuation, 
whether of the electro-motive force, or resistance of either of 
the rheomotors; it can therefore only be safely employed 
when these are perfectly constant, or when the object is not 
to measure resistances, but to observe the comparative 
changes in two rheomotors. 

Fig. 7 (Plate XVI.) represents a circular board on which 
are fixed ten binding-screws ; the wires proceeding from one 
of the rheomotors are to be attached to C and Z*, those from 



3J inches diameter, is employed, and two copper wires two feet long and 
j\ih of an inch diameter are interposed in the instrument, an augmenta- 
tion of the tenth of an inch in one occasions a deviation of 2° in the gal- 
vanometer needle. This will suffice to show the accuracy with which 
resistances may be measured by this instrument. 

* Wr. Christie, in his '^Experimental determination of the Laws of 
Magneto-electric Induction," printed in the Philosophical Transactions 
for 1833, has described a differential arrangement of which the principle 
is the same as that on which the instruments described in this section 
have been devised. To Mr. Christie must, therefore, be attributed the 
first idea of this useful and accurate method of measuring resistances. 
Another differential arrangement, proposed also in the same memoir, is 
analogous to that which forms the subject of the following section. 

K 
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the other to C*, Z*, and the ends of the galvanometer wire 
are to be fixed to a and b. The two currents, C* a A Z^ and 
Ti^abC^, tend to pass through the galvanometer wire in 
opposite directions. When two equal wires are interposed 
between c/and e! f, if the opposing currents be equal, per- 
fect equilibrium is established in the galvanometer wire, and 
the needle remains at zero. But if the force of the current 
in either of the rheomotors varies, or, if whilie the force of 
the two rheomotors remains constant, the slightest diflference 
is occasioned in the resistance of either of the wires inter- 
posed between ef or e f, the equilibrium in the galvano- 
meter wire is disturbed and the needle is deflected. 



§18. 

It would greatly facilitate our quantitative investigations 
if we had a certain and ready means of ascertaining what 
degree of the galvanometric scale indicated half the intensity 
corresponding to any other given degree. The properties of 
diverted currents, established by the theory of Ohm, and 
fully confirmed by experiment, enables me to propose a simple 
method by which this object may be completely attained. 

If a wire of the same length, thickness and conductibility 
as that of the galvanometer be placed so as to divert a por- 
tion of the current from it, it is obvious that one half of the 
current will pass through the galvanometer wire, and the 
other half through the diverting path. Though it simplifies 
the consideration to -suppose the extra wire to have the same 
length, diameter and conducting power, it is easy to see that 
the same result follows if the two wires present the same re- 
sistance, which they do whenever sf c' 1=$ c P. If the added 
wire produced no alteration in the intensity of the principal 
current, one half of the former force would act upon the gal- 
vanometer ; but this is not the case, the addition of the wire 
produces the same efiect as doubling the section of the gal- 
vanometer wire would do, and the total resistance of the 
circuit is therefore diminished. If the strength of the ori- 
ginal current when it passes wholly through the galvanometer 
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E 

= :p — (r being the resistance of the galvanometer wire, and 

E 
R all the other resistances in the circuit), will be the 

R-h^ 
2 

strength of the principal current when the extra wire is 

IT 

added; if now an additional resistance =-, that is to say, a 

wire whose resistance is equal to half that of the galvano- 
meter wire, be added to the principal portion of the circuit, 

•p 

the intensity will be again , and the force acting on 

R + - + - 

the galvanometer will be exactly half what it was at first. 

The construction and use of the instrument ( Plate XVI. 
fig. 8) will now be easily understood. A is a square piece of 
wood, having two insulated pieces of brass, D, N, inlaid on its 
surface, on which arc fixed the binding-screws C, Z and a ; 
B is a circle also of wood, moveable round its centre ; upon 
this moveable circle are fixed the insulated piece of brass F, 
with the binding-screw b upon it, and three springs G, H, I, 
the free ends of which press on the board A. A coil of wire 
K, the equivalent resistance to the wire of the galvanometer, 
measured by the process described in § 16, is connected by 
its two ends with the brass plate F and the spring G ; and 
another coil, L, the resistance of which is one half that of 
the former, is similarly interposed between the brass plate 
and the spring H. A short wire immediately connects the 
plate F with the spring I. E is a nut or pin by which the 
moveable circle is moved through a small arc. 

The wires proceeding from the poles of a rheomotor being 
connected with the binding-screws C, Z, and the ends of the 
galvanometer wire being attached to the screws a and 6 ; in 
the position of the instrument represented in the figure, the 
springs G and H resting respectively on the insulated pieces 
of brass D and N, the principal portion of the current passes 
through the resistance-coil L, and the current is afterwards 
equally divided between the coil of the galvanometer and the 

k2 
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resistance-coil K. But when the circle is moved in the di- 
rection of the arrow, the springs G, H leave the brass plates, 
and rest on the wood, while the spring I is brought into con- 
tact with the plate E ; both of the resistance-coils are now 
thrown out of the circuit, and the current passes wholly 
through the wire of the galvanometer. 

It is almost unnecessary to state that this instrument can 
only be used in conjunction with the galvanometer to which 
its resistance-coils K and L have been adjusted. 

In some cases, when an experiment has been performed 
with a current of a certain degree of intensity, it is required 
to repeat it with currents of other degrees of strength, the 
proportions of which to the first current shall have been 
accuratelv determined. The instrument above described 
readily afibrds the means of doing this. It may thus be 
ascertained whether the electro-motive force in any par- 
ticular combination vaties or remains constant when the 
enei^ of the current changes. 

§ 19. Process to determine the Degrees of Deviation of the 
Needle of a Galvanometer corresponding to the Degrees of 
Force ; and the Converse. 

When the electro-motive force in the circuit remains con- 
stant, the force of the current is simply proportional to the 
resistance or reduced length of the circuit. If, therefore, the 
total resistance of the circuit, when the needle stands at 1^, 
be determined, and if then, by means of the rheostat and 
resistance-coils, the resistance be successively reduced to -j^, 
i> i, J, &c., the corresponding forces of the current will be 
2, 3, 4, 5, fee. Conversely, if the reduced lengths «, A, c, d, 
&c., necessary to be removed from the circuit in order to 
advance the needle from each degree to the one next above 
it, be successively ascertained, the forces corresponding to 
these successive degrees will be 

1 _i L__ 1 &c 

R' R— a' Er-(a ;♦■ b)' R— (a +b+c)' 
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By the above processes, the relations between the degrees 
of force and those of the galvanometric scale may be far 
more readily determined than by either of the ingenious 
methods of Nobili, Becquerel or Melloni. When we con- 
sider the changes to lyhich the needle of a delicate galvano- 
meter, especially if it be astatic, is subject from the influence 
of strong currents, the vicinity of magnets, and, in a less 
degree, from changes of temperature and in the intensity of 
the earth^s magnetism, the importance of having an easy 
means of re-graduating the instrument, and of detecting the 
changes it has undergone, will not be esteemed too lightly. 



134 ON THE THERMO-ELECTRIC SPARK. 



On the Thermo-electric Spark. 

[From the ' Philosophical Magazine/ 1837, vol. x. pp. 414-417.] 

The following notice of some recent experiments made in 
Italy, on the production of the thermo-electric spark, and 
on the chemical effects of the thermo-electric currents, will 
no doubt be acceptable to many of your readers. I shall 
confine myself to a simple statement and corroboration of 
the facts, avoiding all theoretical considerations. 

The Cav. Antinori, Director of the Museum at Florence, 
having heard that Prof. Linari, of the University of Siena, 
had succeeded in obtaining the electric spark from the tor- 
pedo by means of an electro-dynamic helix and a temporary 
magnet, conceived that a spark might be obtained by apply- 
ing the same means to the thermo-electric pile. Appealing 
to experiment his anticipations were fully realized. No ac- 
count of the original investigations of Antinori has yet 
reached this country ; but Prof. Linari, to whom he early 
communicated the results he had obtained, immediately re- 
peated them, and published the following additional observa- 
tions of his own in Ulndicatore Sanese, No. 50, of Dec. 13, 
1836. 

'^1. With an apparatus consisting of temporary magnets 
and electro-dynamic spirals, the wire of which was 505 feet 
in length, he obtained a brilliant spark from a thermo-electric 
pile of Nobili^s construction consisting only of 25 elements, 
which was also observed in open daylight. 

'' 2. With a wire 8 feet long coiled into a simple helix, the 
spark constantly appeared in the dark, on breaking contact, 
at every interruption of the current; with a wire 15 inches 
long he saw it seldom, but distinctly; and with a double 
pile, even when the wire was only 8 inches long. In all the 
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above-mentioned cases the spark was observed only on break- 
ing contact^ however much the length of the wire was dimi- 
nished. 

• '' 3. The pile consisting merely of these few elements, and 
within such restricted limits of temperature as those of ice 
and boiling water, readily decomposed water. Short wires 
were employed having oxidizable extremities : the hydrogen 
was sensibly evolved at one of the poles. 

'^ 4. A mixture of marine salt moistened with water and 
of nitrate of silver being placed between two small horizontal 
plates of gold, communicating respectively with the wires of 
the pile, the latter after having acted on the mixture gave 
evident signs of the appearance of revivified silver on the 
plate which was next the antimony. 

"5. An unmagnetic needle placed within a closed helix 
formed by the wire of the circuit became well magnetized by 
the current. 

" 6. Under the action of the same current the phsenome- 
non of the palpitation of mercury was distinctly observed.'^ 

The interesting nature of thesq experiments induced me to 
attempt to verify the principal result. The thermo-electric 
pile I employed consisted of 33 elements of bismuth and an- 
timony formed into a cylindrical bundle | of an inch in 
diameter and 1 J inch in length ; the poles of this pile were 
connected by means of two thick wires with a spiral of copper 
ribbon 50 feet in length and 1^ inch broad, the coils being 
well insulated by brown paper and silk. One face of the pile 
was heated by means of a red-hot iron brought within a 
short distance of it, and the other face was kept cool by con- 
tact with ice. Two stout wires formed the communication 
between the poles of the pile and the spiral, and the contact 
was broken, when required, in a mercury cup between one 
extremity of the spiral and one of these wires. Whenever 
contact was thus broken a small but distinct spark was seen, 
which was visible even in daylight. Professors Daniell, 
Henry, and Bache assisted in the experiment, and were all 
equally satisfied of the reality of the appearance. 

At another trial the spark was obtained from the same 
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spiral connected with a small pile of 50 elements, on which 
occasion Dr. Faraday and Prof. Johnson were present, and 
verified the fact. On connecting two such piles together so 
that the similar poles of each were connected with the same 
wires, the same was seen still brighter*. 

I conclude, therefore, that the experiment of Antinori is a 
real addition to our knowledge of electrical phaenomena, and 
though it was far from being unexpected, it supplies a link 
that was wanting in the chain of the experimental evidence 
which tends to prove that electricity, from sources however 
varied, is similar in its nature and effects, a conclusion ren- 
dered more than probable by the recent discoveries of Para- 
day. The effects thus obtained from the electric current 
originating in the thermo-electric pile may no doubt be easily 
exalted by those who have the requisite apparatus at their 
disposal. It is not too much to expect, seeing the effects 
produced by a pile of such small dimensions, that by proper 
combinations the effects may be exalted to equal those of an 
ordinary voltaic pile, 

I shall close this hasty communication with a notice of 
some experiments on the chemical action of the thermo- 
electric pile made earlier by Prof. G. D. Botto, of the Uni- 
versity of Turin. The form of the pile he employed may 
suggest some useful hints to those who are inclined to con- 
tinue the inquiry, as it admits of the application of much 
higher degrees of heat than one of the ordinary construction 
does, though the difference of the thermo-electric relations 
of the two metals employed is not so considerable. Prof. 
Bottoms experiments were published in the Bibliothiqve Uni- 
verselle for September 1832, and I am not aware that they 
have yet been published in any English Journal. The thermo- 
electric apparatus was a metallic wire, or chain, consisting of 
120 pieces of platinum wire, each one inch in length, and 
jj^th of an inch in diameter, alternating with the same 
number of pieces of soft iron wire of the same dimensions. 
This wire was coiled as a helix round a wooden rule 18 inches 

♦ The two piles here employed were made hy Mr. Newman of Regent 
Street. 
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long^ in such a manner that the joints were placed alter- 
nately at each side of the rule, being removed from the wood 
at one side to the distance of four lines. Employing a spirit- 
lamp of the same length as the helix, and one of Nobili's 
galvanometers, a very energetic current was shown to exist ; 
acidulated water was decomposed, and the decomposition 
was much more abundant when copper instead of platinum 
poles were used ; in this case hydrogen only was liberated. 
The current and decomposition were augmented when the 
joints were heated more highly. Better effects were obtained 
with a pile of bismuth and antimony, consisting of 140 ele- 
ments bound together into a parallelopiped, having for its 
base a square of two inches three lines, and an inch in 
height. 
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Description of the Electro-magnetic Clock. 

[From the ' Proceedings of the Royal Society,' 1840, vol. iv. pp. 249, 250.] 

The object of the apparatus forming the subject of this com- 
munication^ is stated by. the author to be that of enabling a 
single clock to indicate exactly the same time in as many 
different places, distant from each other, as may be required. 
Thus, in an astronomical observatory, every room may be 
furnished with an instrument, simple in its construction, and 
therefore little liable to derangement, and of trifling cost, 
which shall indicate the time, and beat dead seconds audibly, 
with the same precision as the standard astronomical clock 
with which it is connected ; thus obviating the necessity of 
having several clocks, and diminishing the trouble of wind- 
ing up and regulating them separately. In like manner, in 
public oflBces and large establishments, one good clock will 
serve the purpose of indicating the precise time in every part 
of the building where it may be required, and an accuracy 
ensured which it would be difficult to obtain by independent 
clocks, even putting the difference of cost out of considera- 
tion. Other cases in which the invention might be advan- 
tageously employed were also mentioned. In the electro- 
magnetic clock, which was exhibited in action in the Apart- 
ments of the Society, all the parts employed in a clock for 
maintaining and regulating the power are entirely dispensed 
with. It consists simply of a face with its second, minute, 
and hour hands, and of a train of wheels which communicate 
motion from the arbor of the second's hand to that of the 
hour hand, in the same manner as in an ordinary clock train ; 
a small electro-magnet is caused to act upon a peculiarly 
constructed wheel (scarcely capable of being described with- 
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out a figure) placed on the second^s arbor, in such manner 
that whenever the temporary magnetism is either produced 
or destroyed, the wheel, and consequently "the second's hand, 
advances a sixtieth part of its revolution. It is obvious, 
then, that if an electric current can be alternately established 
and arrested, each resumption and cessation lasting for a 
second, the instrument now described, although unprovided 
with any internal maintaining or regulating power, would 
perform all the usual functions of a perfect clock. The 
manner in which this apparatus is applied to the clocks, so 
that the movements of the hands of both may be perfectly 
simultaneous, is the following. On the axis which carries 
the scape- wheel of the primary clock a small disc of brass is 
fixed, which is first divided on its circumference into sixty 
equal parts ; each alternate division is then cut out and filled 
with a piece of wood, so that the circumference consists of 
thirty regular alternations of wood and metal. An extremely 
light brass spring, which is screwed to a block of ivory or 
hard wood, and which has no connexion with the metallic 
parts of the clock, rests by its free end on the circumference 
of the disc. A copper wire is fastened to the fixed end of 
the spring, and proceeds to one end of the wire of the electro- 
magnet ; while another wire attached to the clock-frame is 
continued until it joins the other end of that of the same 
electro-magnet. A constant voltaic battery, consisting of a 
few elements of very small dimensions, is interposed in any 
part of the circuit. By this arrangement the circuit is perio- 
dically made and broken, in consequence of the spring rest- 
ing for one second on a metal division, and the next second 
on a wooden division. The circuit may be extended to any 
length; and any number of electro-magnetic instruments 
may be thus brought into sympathetic action with the stan- 
dard clock. It is only necessary to observe, that the force 
of the battery and the proportion between the resistances of 
the electro-magnetic coils and those of the other parts of the 
circuit, must, in order to produce the maximum efiiect with 
the least expenditure of power, be varied to suit each par- 
ticular case. 
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In the concluding part of the paper the author points out 
several other and very different methods of effecting the 
same purpose; and in particular one in which Faraday's 
magneto-electric currents are employed, instead of the cur- 
rent produced by a voltaic battery ; he also describes a mo- 
dification of the sympathetic instrument, calculated to enable 
it to act at great distances with a weaker electric current 
than if it were constructed on the plan first described. 
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JEnregistreur ^lectroniagnitique pour les Observations 

MiUorologiques. 

[From the * Archives de rfeectricit^ ' par A. de k Rive, 1844, t iv. 

pp. 170-172.] 

L'enreoistreur electromagnetique construit pour Fobser- 
vatoire de rAssociation britannique est presque termine. II 
enregistre les indications du barometre, du thermometre et 
du psychrometre pour toutes les demi-heures de jour et de 
nnit, et en imprime les resultats en duplicata, sous forme 
figuree sur un feuille de papier. II n'exige aucune attention 
pendant toute une semaine, pendant laquelle il enregistre 
1008 observations. Cinq minutes suffisent pour preparer 
la machine k noter une autre semaine d'observations, c^est-k- 
dire qu'il faut simplement remonter le mouvement de pen- 
dule, foumir aux cylindres une autre feuille de papier, et 
recharger le petit element volta'ique. L'^chelle de chaque 
instrument est divisee en 150 parties; celle du barometre 
embrasse trois pouces ; celle du thermometre renferme tons 
les degres de temperature entre —5° et -1-95^ F., et le psy- 
chrometre a la meme etendue. 

La machine consiste essentiellement en deux parties di- 
stinctes. La premiere est une horloge r^gulatrice ^ laquelle 
sont attaches tous les mouvements n^cessaires recurrents. 
La seconde est un mecanisme ayant une force motrice ind^- 
pendante, qui est mise en action, ^ des intervalles de temps 
irreguliers, par le contact de fils plongeant dans le mercure 
de Fappareil, ainsi qu'il sera explique plus loin. Les princi- 
paux mouvements reguliers recurrents qui sont lies k Fhorloge 
sont au nombre de deux : 1** les flotteurs sont elevds gradu- 
ellement et regulierement dans les tubes de Finstrument pen- 
dant cinq minutes, et descendent ensuite en une minute; 
2*" une roue k types, portant k sa circonference 15 figures 
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ou caracteres, avance seulement d'un pas lorsque la premiere 
a complete una revolution. La revolution de la seconde roue 
k types ne s'effectue qu^au bout de six minutes^ e'est-^-dire 
dans le m^me temps qu'emploient les flotteurs pour monter 
et deseendre. Ainsi, cliaque division successive de Fechelle 
d'un instrument correspond k un nombre different pr&ente 
par les deux roues k types, la mSme division correspondant ' 
toujours au meme nombre. Les deux blancs se presentent 
lors du retour des flotteurs, occupent une minute, et pendant 
ce temps il n'y a pas d'observation enregistree. Le point du 
contact entre le flotteur et le mercure dans un instrument a 
evidemment lieu dans une position differente des rones k 
types, suivant que le mercure est k une Elevation ou k une 
autre ; si, par consequent, les types ou figures s^impriment 
en ce moment, on con9oit qu^on aura ainsi enregistrd la 
hauteur du mercure. Ce but est atteint de la maniere sui- 
vante. L^extr^mit^ d^uu fil conducteur est en communica- 
tion avec le mercure du tube de rinstrument, et I'autre ex- 
tremity avec la boite en laiton de I'horloge, laquelle est k son 
tonr en communication metallique avec le flotteur. On a 
mis dans l^etendue de ce circuit un aimant ^lectrique et un 
element voltaique unique tres-petit. L^aimant flectrique est 
plac^ de maniere k agir sur une petite armature de fer doux 
qui est liee avec la detente du seconde mouvement. Tant 
que le flotteur est dans le mercure, l^armature se trouve 
attir^^ ; mais au moment ou le flotteur abandonne le mercure, 
Tattraction cesse, et les pieces de la detente permettent k un 
marteau de frapper les types et de les imprimer sur le cylindre 
au moyen d'un papier noir k copier. L^armature, en con- 
sequence reste sans etre attiree jusqu^k ce que le flotteur 
descende. Immediatement avant qu'il remonte, une piece 
de mecanisme qui communique avec le mouvement de Fhor- 
loge amene Farmature en contact avec Faimant, lequel reste 
en cet etat par suite dn r^tablissement du circuit jusqu'Jt ce 
que le contact se trouve de nouveau rompu. 
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Note sur le Chronoscope ilectromagnetique. 

[From the ' Comptes Rendu8 de rAcad^mie dea Sdences,* 1845; tome xz. 

pp. 1554-1561]. 

Je vois dans les Comptes rendus de VAcad6mie des Sciences, 
que dans la stance du 20 Janvier, il fut lu une communica- 
tion de M. Breguet, dans laquelle il attribue k M. le capitaine 
de KonstantinoflF, et k lui-niSme, I'invention du chronoscope 
electromagn^tique, instrument que j'avais moi-mSme invente 
et confectionn^ plusieurs ann^es auparavant, dans le but de 
mesurer les mouvements rapides, et surtout la vitesse des 
projectiles. 

Ce fut au commencement de 1840 que j'inventai cet instru- 
ment. Mon chronoscope se composait alors d^un mouvement 
d^horlogerie faisant agir une aiguille indicatrice, qui marchait 
ou s'arretait suivant qu^un electro-aimant agissait sur une 
piece de fer doux, Fattirant lorsqu'un courant traversait 
rh^lice de Vaimant, et Tabandonnant k lui-mSme lorsque le 
courant venait k cesser, comme dans mon tel^graphe flectro- 
magn^tique, dont cette invention pent Stre consideree comme 
une des derivations. La duree du courant etait ainsi mesuree 
par Tetendue du cercle parcouru par I'aiguille du chrono- 
scope. 

Une relation ^tait etablie entre la dur& du courant et 
celle du mouvement du projectile par les moyens suivants : 
un anneau en bois embrassait ^embouchure d'un canon 
charge, et un fil m^tallique tendu reliait deux c6tes oppos& 
de cet anneau isolant, passant ainsi devant la bouche du 
canon. A une distance convenable, ^tait ^tabli im but dis- 
pose de telle fagon que le moindre mouvement qu^on lui im- 
primait etablissait un contact permanent entre un petit 
ressort en m^tal et im autre piece de m^tal. Une des extr^- 
mit^s du fil m6tallique de Pelectro-aimant ^tait attachee k 
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un des pdles d'une petite batterie voltaique ; k I'autre extre- 
mity de F^ectro-aimant ^taient attaches deux fils metalliques 
dont run communiquait avec le petit ressort du but, et 
I'autre k Vune des extremit& du fil m^tallique tendu devant 
la bouebe du canon ; de Fautre extremite de la batterie vol- 
tai'que partaient aussi deux fils metalliques^ dont Vna abou- 
tissait k la piece metallique fix^e sur le but^ et I'autre^ k 
Textremit^ oppos^ du fil metallique passant devant Tem- 
boucbure du canon. Ainsi^ ant^rieurement k Fexplosion du 
canon^ il se trouvait etabli, entre le canon et le but, un 
circuit non interrompu en fil metallique, et dont le fil metal- 
lique en travers de la bouche du canon faisait partie. Une 
fois le but irappe par le boulet, le second circuit etait com- 
plete; mais durant le passage du projectile k travers Pair, 
et pendant ce temps seulement, les deux circuits ^taient in- 
terrompus, et la duree de cette interruption etait indiquee 
par le chronoscope. 

J'avais dej^ demontr^ par mon telegraphe electromag- 
netique que, lorsqu'ils sont convenablement disposes, les 
aimants peuvent ^tre amenes k agir avec une batterie tres- 
faible, quand bien m^me les fils metalliques decriraient un 
circiiit de plusieurs milles. Par consequent, le canon, le but 
et le chronoscope peuvent Stre places k des distances quel- 
conques demandees les uns des autres. En raison de la 
grande rapidite avec laquelle Peiectricite se propage, comme 
Pont prouve mes experiences publiees dans les Philosophical 
Transactions de 1834, aucune erreur sensible ne pent resulter 
de sa transmission successive. 

Pendant une visite que je fis k Bruxelles, au mois de sep- 
tembre 1840, je decrivis cet appareil k mon ami M. Quetelet, 
qui en donna connaissance^ le 7 octobre, k PAcademie des 
Sciences de cette ville, communication mentionnee dans le 
Bulletin de cette seance. 

Dans une visite que je fis posterieurement k Paris (mai 
1841), j'expliquai cet appareil et j'en montrai les dessins k 
plusieurs membres de PAcademie des Sciences de Paris qui 
vinrent me voir au College de France, oii, grkcc k Poblige- 
ance de M. Regnault, j^eus Toccasion de rcpeter devant eux 
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plusieurs de mes experiences electromagn^tiques. Parmi les 
peraonnes presentes ^tait M. Pouillet^ qui me demanda 
Fautorisation de faire copier mes dessins^ ce k quoi je con- 
sentis volontiers. J'appris de lui, en d^cembre dernier, que 
ces dessins etaient encore en sa possession. 

A mon retour en Angleterre, mon ami le Capitaine Chap- 
man*, de Tartillerie royale, convaincu de Futility de cet 
instrument, etait tres-desireux qu^il fat introduit dans la 
pratique de Tartillerie k Woolwich, et se donna beaucoup de 
peine pour y parvenir. Nous eAmes une entrevue k ce sujet 
avec feu Lord Vivian, alors maitre general de V Ordnance, et 
le 17 juillet 1841, j'expliquai k l^Institut de Tartillerie 
royale la construction de ^instrument et scs diverses appli- 
cations. Vingt-deux officiers assisterent k cette seance, dans 
le compte rendu de laquelle (comptc rendu dont je possede 
une copie), il est dit que mon chronoscope " indiquait y^Vir 
de seconde,'' et que mon objet etait " de montrer son appli- 
cation aux usages pratiques de l^artilleric,^^ c^est-^-dire de 
determiner le temps employe par un projectile k franchir les 
differcntes sections de son parcours, ainsi que sa vitesse 
initiale. Dans la meme seance, je montrai ^^un chronoscope 
destine k mesurer la vitesse des eclairs, tels que ceux pro- 
duits par Tignition de la poudre.^^ Cet instrument, le seul 
que M. Breguet m^attribue, n^avait cependant rien de com- 
mun avec les courants electriques, comme il le suppose; 
c'etait simplement une serie de roues portant sur des axes 
trois legers disqucs en papier, d'environ 1 pouce de diametre 
chacun. Les temps de leurs revolutions respectives etant 
comme 1, 10 et 100, le disque dont le mouvement etait le 
plus rapide faisait 200 revolutions par sccondc ; sur chaque 
disque etait trace un rayon : lorsqu^ils etaient eclaires par 
une etincelle electrique, tous ces rayons paraissaient en 

• Depuis longtemps j'entretenaifl une correspondance avec le capitaine 
Chapman a ce sujet. Dans une de ses Lettres, du 27 aoAt 1840, apr^s 
m'avoir fait part de ses vues sur la maniere de conduire ses experiences, 
11 dit: "Nous obtiendrons ainsi la vitesse du projectile k chacune des 
sections de sa trajectoire, et j'ose croire que nous arriverons k une con- 
naissance de Tefiet de la gravitation sur le projectile, beaucoup plus satis- 
faiaante que tout ce qu'on a obtenu jusque aujourd'hui.^ 

L 
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repos, en raison de la durfe excessivement petite de eette 
espece dc lumiere (comme il est expliqn^ dans mon Memoire : 
De la Vitesse de VdeciriciU ei de la durSe de la lumiere elec- 
triqtie, publie dans les Philosophical Transactions de 1834) ; 
mais lorsqu^ils etaient illumines par un eclair d^iine durfe de 
la denx-centieme partie d'une seeonde, le troisieme disque 
paraissait uniformement teinte pendant que le second disque 
montrait un secteur ombre de 36 degres. Quand Feclair ne 
durait que la deux-millieme partie d'une seconde, un secteur 
semblable paraissait sur le troisieme disque. 

Pour plusieurs raisons^ les experiences avec mon chrono- 
scope flectromagnetique ne furent pas poursuivies k Wool- 
wich. En 1842^ je fis la connaissancc de M. de KonstantinoflT, 
capitaine dans l^artillerie de la garde imperiale de S. M. 
PEmpereur de Russie, et attache k Petat-major du general 
de Winspaer ; il prit beaucoup d'interet h cette affaire, ex- 
prima un vif desir d^avoir un appareil complet, afin d'entre- 
prendre lui-meme, k son retour en Russie, une s^rie d^ex- 
periences telles que celles que j'avais en vue. Comme je 
n^avais pas moi-mSme le temps de poursuivre ces experiences, 
et comme personne en Angleterre, plus habile ou mieux 
place pour ccla, ne montrait le desir de les poursuivre, je 
cedais volontiers k sa demande, dans I'espoir que quelques 
resultats importants pour la science pourraient fetre obtenus. 
La seule condition que je mis k mon consentement, etait que 
M. de Konstantinoff ne publierait aucime description de 
Fappareil, jusqu'au moment ou moi-meme je Faurais faite. 
L'instrument que je foumis k M. de Konstantinoff, et qui 
lui fut adresse k Paris, en Janvier 1843, ^tait autrement con- 
struit que celui prec^dcmmcnt decrit, quoique essentielle- 
ment le meme en principe. 

J'avais trouve par experience que lorsqu'une piece dc fer 
doux avait 6t6 attirfe par un electro-aimant, et que le courant 
venait ensuite k cesser, bien que le fer parut retomber imme- 
diatement, son contact etait maintenu pendant un temps qui, 
plusieurs fois, equivalait k une fraction considerable de 
seconde. La dur^e de cette adherence augmentait avec 
Tenergie du courant voltai'que, et avec la faiblesse du ressort 
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k reactions. Pour la r6iuire k iin minimum^ il etait n^ces- 
saire d'employer un courant tres-faible et d'augmenter la 
resistance du circuit jusqu^k ce que la force d'attraction 
de Faimant fut reduite au point de ne surpasser que d'une 
tres-faible quantite la force de r&ction du ressort; mais 
alors Faimant n^avait plus la force suffisante pour attirer le 
fer lorsque le projectile frappait le but. Cependant je sur- 
montai cette diflScult^ de la maniere suivante: j^arrangeai 
les fils raetalliques du circuit de telle sortc, qu^avant que le 
boulet ne fut lanc^ par le canon, le courant d^un seul Element 
de tres-petites dimensions, et r^duit au degre convenable au 
moyen d'un rheostat * aussi interpose dans le circuit, agis- 
sait sur Pelectro-aimant ; mais lorsque le boulet arrivait au 
but, six elements, sans la resistance du rheostat, agissaicnt 
simultanement sur Taimant. Mais, meme avec ccs precau- 
tions, qui sont efficaces jusqu^k un certain degre, il y a 
encore du temps de perdu durant ^attraction du fer par 
Taimant, aussi bien que pendant son adherence apres que le 
courant a cesse. La difference de ces deux erreurs rendrait 
des approximations telles que ^J^j ou yo^iy de secondc tout k 
fait incertaines. Toutefois, I'erreur provenant de cette source 
pent se rdduire facilement k moins de ^ ou de jJq de 
seconde, et dans mon opinion, un chronoscope qui divise la 
seconde en soixante parties, et qu^on pent prouver ne donner 
jamais lieu k une erreur d^passant une seule de ces divisions, 
est preferable k un instrument offrant des divisions plus 
avancees et qui donnerait lieu k des erreurs embrassant bon 
nombrc de ces divisions. Guide par ces experiences, je fus 
en mesure de construire un chronoscope tres -simple et tres- 
efficace. Un echappement tres-simple etait mis en mouve- 
ment par un poids suspendu k I'extremite d'un bout de fil 
enrouie dans une helice creusee sur un cylindre fixe sur 
Taxe d'une roue k echappement. Sur cet axe etait aussi 

* Une explication de cet instrument se trouve dans ma Descripiion de 
plusieurB instrtiments et proc6d48 pour determiner les constants dun circuit 
voUaique, publi^e dans les Philosophical Transactions de 1843, 2* part., et 
traduite dans les Annales de Chimie et de Physique, Cet instrument est 
rcpr^sent^ par la^. 1 des dessins qui accompagnent ce M^moire. 

l3 
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adaptee line aiguille qui^ cons^uemment^ aYan9ait d^une 
division k chaque echappement. Quand il etait neces- 
saire de prolonger le temps de Pexp^rience, la roue k Echap- 
pement et le cylindre Etaient Etablis sur des axes di£ferents^ 
et leur engrenage s^opErait au moyen d'une roue et d'un 
pignon ; dans ce cas^ deux aiguilles Etaient employees. Au 
moyen de cette construction, on Evite Paccfleration du 
mouvement qui aurait eu lieu s'il n^y ayait pas eu d^echappe- 
ment, et Tindex franchit chaque division dans un mSme temps. 
Le poids etait dispose de maniere k pouvoir se regler, et la 
valeur d^une seule division Etait obtenue en divisant le temps 
de la chute enti^re par le nombre des divisions franchies dans 
cet intervalle ; mais des mEthodes encore plus exactes peu- 
vent Stre employees. 

Au moyen de cet instrument^ j'ai mesure le temps mis par 
une balle de pistolet k parcourir diffErentes portees, avec des 
charges diffErentes de poudre. La repetition de ces experi- 
ences donna lieu k des resultats passablement constants, pre- 
sentant rarement une difference de plus d'une division du 
chronoscope *. Je mesurai aussi la chute d'une balle, de 
difEerentes hauteurs, et la loi des vitesses accelErees fut ob- 
tenue avec une rigueur mathematique. Avec Tappareil dont 
je me .servis pour cette demiere experience, je pouvais 
mesurer la chute d'une balle, de la hauteur d^un pouce. II 
serait di£Bicile, sans le secours des dessins, de donner une 
idee des diverses dispositions que j'ai adoptees pour rendre 
Pinstrimient applicable k differentes series d^experiences ; 
mais je puis mentionner que parmi d'autres applications, je 
me propose de ^employer pour mesurer la vitesse du son k 
travers Fair, Peau et k travers les massifs de roc, avec une 
approximation qu^on n^a jamais obtenue jusqu^k present. 

Independamment de ^instrument que je fournis k M. de 
Konstantinoff, en avril 1843, le professeur Christie en fit 
dEposer un au cabinet de Physique de 1^ Academic militaire 
de Woolwich, et, vers le meme temps, un autre fut fait pour 

* Ces experiences, dans lesquelles je fus assists par Sir James South 
et M. Purday, c^l^bre armurier, enrent lieu en octobre 1842, dans les 
terrains attenant k robservatoire de Camden Hill. 
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M. B. Addams^ qui s'en est constamment servi depuis dans 
ses cours k V United Service Museum, et ailleurs. 

Je mentionnerai line modification de i^appareil qui est im- 
portante pour certaines series d'exp^rienees : au lieu de 
rompre la eontinuite du circuit et de la reconstituer ensuite 
comme nous Favons dit jusqu'ici, Telectro-aimant est main- 
tainu en equilibre au moyen de deux courants egaux et op- 
poses ; en intcrrompdnt le premier circuit, Vequilibre est 
detruit, et en interrompant le second, le courant occasionn^ 
par la destruction de ^equilibre cesse. Le second circuit est 
rompu par une balle traversant un cadre sur lequel est tendu 
un fil metallique tres-fin dispose en lignes paralleles et tres- 
serrees, et formant partie du circuit. Cette disposition 
foumit les moyens d^employer un chronoscope totalement 
diflferent du premier. Deux pendules, dont Tun k demi- 
secondes, et Fautre d^un mouvement un pen plus acceler^, 
sont maintenus chacun aux extremites de leurs arcs d^ofecil- 
lation par un electro-aimant. Quand la balle s'echappe du 
fusil. Tun des pendules est libere, et quand il rompt le fil 
metallique du cadre, Vautre pendule est aussi libere. On 
compte alors le nombre d'oscillations d^un des pendules jus- 
qu^^ ce que le mouvement des deux pendules coincide, et, 
d'apres ce fait, on determine aisement le temps qui separe les 
commencements des premieres oscillations des deux pendules. 

Les instruments que je construisis reellement n^avaient 
d'autre objet que d^indiquer le temps &oule entre le mouve- 
ment initial et le mouvement final d^une balle parcourant sa 
trajectoire. M. de Konstantinoff" desirait un instrument me- 
surant les temps correspondant aux divisions successives de 
la trajectoire. Bien que je pensasse alors, et que je sois 
encore de Tavis qu'il est preferable de les determiner au 
moyen de decharges successives, j'imaginai un appareil k cet 
eflFet, mais je n^en entrepris pas la construction, en raison de 
son prix plus eleve et de sa plus grande complexite, bien qu^il 
f(it I'objet de frequentes conversations entre nous. C^etait 
afin de realiser ces idees que M. de Konstantinoff, apres son 
depart d'Angleterre et pendant son sejour k Paris, s^adressa 
subs^uemment k M. Breguet, afin de profiter de Thabilet^ 
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et de Fing^niosite bien connues de cet ingenieur. Je suis 
parfaitement persuade que M. de Konstantinoff n'eut jamais 
rintention de s^attribuer cette invention, et que c'est entifere- 
ment sans son approbation^ et k son insu, que M. Breguet 
vient de le faire*. 

Quant k Pinstrument decrit par M. Breguet, je le consi- 
dere comme beaueoup moins exacts beaueoup plus compliqu^ 
et plus coAteux qu'aucun de ceux que jTai precedemment in- 
ventes. Quand il est r^uit uniquement k determiner les 
mouvements initial et final d^unc balle, ^instrument de M. 
Breguet est muni de cinq ^ectro-aimants^ ehaeun avec son 
meeanisme^ tandis que le mien atteint le meme resultat avec 
un seul electro-aimant ; et lorsque les differentes divisions 
d'une mSme trajectoire doivent ^tre etudiees, M. Breguet 
propose un aimant eomplementaire et fait d'autres additions 
k chacune des partitions que doit traverser la balle. Si M. 
Breguet avait ete mieux informe des moyens par lesquels je 
devais obtenir une suite de mesures successives correspondant 
k une mSme trajectoire, il aurait trouve que ce qu'il propose 
d^obtenir, m^me avec une douzaine d'flectro-aimants, le 
serait d'une maniere plus efficace au moyen d^un seul. Voici 
quel etait mon plan. 

Un cylindre execute un mouvement de rotation autour 
d^une vis, de fafon k avancer d'un quart de pouce par revo- 
lution; k une des extr^mites du cylindre est adapt^e une 
roue dentee d'un diametre un pen plus grand que celui du 
cylindre, et qui s^engrene avec une pignon dont la longueur 
est egale k la portion totale d^axe que doit franchir le cylindre 
dans ses revolutions successives; ce pignon communique 
avec des rouages mis en mouvement par un poids suspendu 
k Textremite d^un fil qui toume autour d'un cylindre, et le 
roui^e est muni d^un regulateur qui en egalise le mouve- 
ment; un crayon, adapte k Textremit^ d*un petit 61ectro- 

• Je joins ici un extrait d'lrn ^crit que me donna M. de Konstantinoff, 
avant de quitter Londres : 

" M. Wheatstone ayant eu la complaisance de me faire conf ectionner 
un appareil complet, de son invention, pour mesurer les chutes des corps 
«t les vitesses initiales des projectiles, je m'engage, &c.'' 
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aimant, est amen^ ea contact avec le cylindre et y trace une 
helice qui est interrompue chaque fois que le courant cesse. 
J^empruntai Tidfe de la partie chronoscopique de cet appareil 
d^un instrument destine h, mesurer de tr6i-petits intervalles 
de temps^ invente par feu le docteur Young, et qui est decrit 
et dessine dans son Cours de Philosophie naturelle. On 
comprend aisement, d'apres ce que j'ai d^jk rapporte, de 
quelle maniere le commencement et la fin du mouvement 
d^un projectile sont indiques par cet instrument. Les p^- 
riodes interm^diaires sont enregistrees de la maniere sui- 
yante : aux points voulus sur la ligne de passage du projectile, 
on ^tablit des cadres fermes par des reseaux en fil m^tallique ; 
le projectile rompt les fils metalliques en traversant les 
cadres ; on emploie autant de batteries voltaiques qu'il y a 
de paires dc cadres dont les fils metalliques communiqucnt 
avec les p61es de ces batteries voltaiques et avec le fil metal- 
lique de I'electro-aimant, de telle fa9on que le courant flec- 
trique traverse Thelice en fil m^tallique de Felectro-aimant, 
on cesse de la parcourir, suivant que Pequilibre est alterna- 
tivement detruit on retabli par la rupture successive des fils 
metalliques des cadres. Pour obtenir ce resultat, il est 
n^cessaire que la resistance des difierents fils metalliques soit 
convenablemcnt proportionnee. 

Pour conclurc, j^ajouterai que Tapplication de mon tele- 
graphe electromagnetique, en vue d^enregistrer k distance le 
nombre des revolutions d^une machine ou de tons autres 
mouvements periodiques, a ete executee par moi, sous des 
formes tres- varices, depuis plusieurs annees. Un appareil 
pour cet objet, enregistrant jusqu^k dix mille, se voit dans le 
cabinet dc Physique de King's-CoUege depuis 1840, et fut 
montre k M. de KonstantinofE pendant son sejour h Londres. 
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An Account of some Experiments made with the 
Submarine Cable of the Mediterranean Electric 
Telegraph. 

[From the * Proceedings of the Royal Society/ 1855, vol. vii. pp. 328-333.] 

The following results were obtained between May 24 and 
June 8 in last year, with the telegraphic cable manufactured 
by Messrs. Kuper and Co. of East Greenwich, for the pur- 
pose of being laid across the Mediterranean sea, from Spezia 
on the coast of Italy to the island of Corsica. The manu- 
facturers, in conjunction with Mr. Thomson the engineer of 
the undertaking, kindly afforded me every facility in carrying 
on the experiments. The short time that elapsed between 
the opportunity presenting itself and the shipping of the 
cable for its destination, prevented me from determining 
with sufficient accuracy some points of importance, respect- 
ing whicli I was only able to make preliminary experiments ; 
but the following, which I was able to effect with the means 
at hand, may possess sufficient interest to be made public. 
They present perhaps nothing theoretically new, but I am 
not aware that experimental verifications of some of these 
points have been made before. I assume that the reader is 
acquainted with the experiments of Dr. Faraday described in 
the Philosophical Magazine, N. S., vol. vii. p. 197. 

The cable was 110 miles in length, and contained six copper 
wires, one sixteenth of an inch in diameter, each separately 
insulated in a covering of gutta percha one tenth of an inch 
in thickness. The whole was surrounded by twelve thick 
iron wires twisted spirally around it, forming a complete 
metallic envelope one third of an inch in thickness. A sec- 
tion of the cable presented the six wires arranged in a circle 
of half an inch diameter, and one fifth of an inch from the 
internal surface of the iron envelope. 

The cable was coMHftf^diy well in the yard, and one of 
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its ends was brought into the pianufactory. The wires were 
numbered 1, 2, 3, 4, 5, 6, and the ends in the well were in- 
dicated by an accent; the ends V2, 2'3, 3'4, 4'5, 5'6 were 
connected by supplementary wires, so that the electric cur- 
rent might be passed in the same direction through all the 
six wires joined to a single length, or through any lesser 
number of them, the connexions being made at pleasure in 
the experimenting room. 

The rheomotor employed was an insidated voltaic battery 
consisting of twelve troughs, each of twelve elements, which 
had been several weeks in action. 

First Series, 

The following experiments show that the iron envelope of 
the compound conductor gives rise to the same phenomena 
of induction which occur when the insulated wire is immersed 
in water, as in Dr. Faraday^s experiments. 

Ejcp, 1. One end of the entire length, 660 miles, was 
brought in connexion with one of the poles of the battery, 
the other end remaining insulated. The wire became charged 
with negative electricity when its end touched the zinc pole, 
and with positive electricity when it communicated with the 
copper pole. A current, indicated by a galvanometer placed 
near the battery, existed as long as the charge was going on, 
and ceased when it arrived at its maximum. [The feeble 
current attributed to imperfect insulation, which continues 
as long as the contact with the battery remains, is here left 
out of consideration.] When the wire was charged, and the 
discharge effected by a wire conmiunicating with the earth, 
the current produced was in the same direction, whether the 
discharge was made near the battery or at the opposite end ; 
f . e. the current in both cases proceeded from the wire to the 
earth in the same direction. 

Exp. 2. On bringing one end of the wire in contact with 
one of the poles of the battery, the other pole having no com- 
munication with the earth, the wire remained uncharged. A 
very slight and scarcely perceptible tremor was observed in 
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the galvanometer needle interposed between the battery and 
the wire. 

Exp, 3. To each of the poles of the battery was attached a 
wire 220 miles in lengthy and similar galvanometers were in- 
terposed between the two wires (the remote extremities of 
which remained insulated) and the battery. So long as one 
wire alone was connected with the battery no charge was 
communicated to it, but on connecting the other wire with 
the opposite pole both wires were instantaneously charged^ 
as the strong deflection of both needles rendered evident. 
On bringing the free end of one of the wires in communica- 
tion with the earth it alone was discharged, the other wire 
remaining fully charged. 

Second Series. 

Eap. 4. One pole of the battery was connected with the 
earth, and the other with 660 miles of wire, which had an 
earth communication at its opposite end; three galvano- 
meters were interposed in the course of the conductor; the 
first near the battery, the second in the middle of the wire, 
f . e, 330 miles from each extremity, and the third at the re- 
mote end near the communication with the earth. When 
the connexion of the battery with the wire was completed, 
the galvanometers were successively acted upon in the order 
of their distances from the battery, as in the experiments re- 
corded by Dr. Faraday. When the earth connexion at the 
remote extremity of the wire, on the contrary, was completed, 
the disturbance of equilibrium commenced at this end, and 
the galvanometers successively acted in the reverse order, 
t. e. the galvanometer which was the most distant &om the 
battery was the first impelled into motion. In the latter 
case, before the completion of the circuit the needles of the 
galvanometers had assumed constant deflections to a limited 
extent, owing to a feeble current arising from the uniform 
dispersion of the static electricity along the wire. 

Exp. 5. The two extremities of the 660 miles of wire were 
brought into connexion with the opposite poles of the battery. 
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When one of the ends previously disconnected from the 
battery was united therewith, the galvanometers at the ex- 
tremities of the wire, and consequently which were at equal 
distances from the poles of the battery, were immediately 
and simultaneously acted upon, while that which was in the 
middle of the wire was subsequently caused to move. When 
the wire disconnected in the middle instead of near one of 
the poles of the battery was again united, the middle gal- 
vanometer, which was the most remote from the battery, was 
the first acted upon, and those near the poles subsequently. 

The comparison of the two above-mentioned experiments 
show that the earth must not be regarded simply as a con- 
ductor, which many suppose to be the case. Since in the 
first experiment there were not many yards^ distance between 
the two earth terminations, did the extent of ground between 
them act only as a conductor, the two galvanometers at the 
• extremities of the wire should have acted simultaneously, as 
in the second experiment, and as would have been the case 
had a short wire united the two extremities which proceeded 

to the earth. 

Third Series. 

Exp, 6. One pole of the battery was connected with the 
earth, and the opposite pole with one extremity of the 660 
miles of wire, the other end remaining insulated ; a delicate 
galvanometer was interposed near the battery. Notwith- 
standing there was no circuit formed, the needle showed a 
constant deflection of 33^° ; the feeble current thus rendered 
evident is not so much to be attributed to imperfect insula- 
tion, as to the uniform and continual dispersion of the static 
electricity with which the wire is charged throughout its 
entire length, in the same manner as would take place in 
any other charged body placed in an insulating medium. 
The strength of the current thus occasioned appears to be 
nearly, if not exactly, proportional to the length of the wire 
added, as the following table will show : the first column in- 
dicates the number of miles of wire subjoined beyond the 
galvanometer, and the second the corresponding deflections 
of the needle : — 
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miles. o 



110 6J 

220 12 

880 18 

440 23 J 

560 28 

660 31 

Exp. 7. One end of the 660 miles of wire was now allowed 
to remain constantly in contact with one of the poles of the 
battery; but the galvanometer was successively shifted to 
different distances from the battery. The strength of the 
current was now shown to be inversely as the distance of the 
galvanometer from the battery, becoming null at its ex- 
tremity, as shown in the following table. The first column 
shows the distance from the battery at which the galvano- 
meter was placed, and the second column the corresponding 
deflection of the needle. 

miles. o 

Near the battery 33i 

110 :... 31 

220 26 

330 16 

440 12 

660 6 

660 

The deflections of the needle of the galvanometer em- 
ployed in these experiments were, when they did not surpass 
86°, very nearly comparable with the force of the current. 
This I ascertained in the following way. I took six cells of 
the small constant battery described in my paper " On new 
Instruments and Processes for determining the Constants of 
a Voltaic Circuit,^' printed in the Philosophical Transactions 
for 1843, and placed in the circuit formed of the 660 miles 
of wire, the earth, and the galvanometer, successively 1, 2, 3, 
4, 5, and 6 cells. Leaving out of consideration the resis- 
tances in the cells themselves and in the earth, which were 
very inconsiderable in comparison with that in the long wire, 
the force of the current should be approximately propor- 
tionate to the number of the elements ; and since the deflec- 
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tions of the needle nearly indicated this proportionality^ as 
the following table will show^ it may be assumed that the 
force of the current, when the deflection of the needle did 
not surpass 36®, nearly corresponded with the angular devia- 
tion. 

cell. o 

1 6 

2 14 

3 19 

4 28 

5 32 

6 88 

From the preceding experiments (6. and 7.) it seems to 
result, that whatever length of wire is connected with the 
battery, if a galvanometer is placed at the further extremity 
of the wire and a constant length added to the other termi- 
nation pf the galvanometer, its indication remains always 
nearly the same. Thus the galvanometer indicated 6^° when 
it was placed close to the battery and 110 miles of wire were 
subjoined beyond it ; and 5® when 550 miles were interposed 
between the battery and galvanometer, the same length, 110 
miles, being subjoined. In like manner, when 220 miles 
were added beyond the galvanometer placed near the battery, 
the indication was 12° ; precisely the same as when 440 miles 
were interposed and 220 added. So also when 330 miles 
were added, the deviation of the galvanometer was 18°; and 
15° when 330 miles were interposed and 330 added. I have 
no doubt that the correspondence would have been closer 
had it not been for the fluctuations of the battery. 

It would appear from this, that whatever be the length of 
wire attached to the insulated pole of a battery, it becomes 
charged to the same degree of tension throughout its entire 
extent ; so that another insulated wire brought into connexion 
with its free extremity exhibits precisely the same pheno- 
mena, in kind and measure, as when it is brought into im- 
mediate connexion with a pole of the battery. Some im- 
portant practical consequences flow from this conclusion, 
which I will not develop at present, as I have not yet had 
an opportunity of submitting them to the test of experiment. 
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On the position of Aluminum in the Voltaic Series. 

[From the * Proceedings of the Royal Society/ 1860, vol. vii. pp. 369, 370.] 

Having, through the kindness of Dr. Hofmann, been per- 
mitted to examine a specimen of aluminum prepared by M. 
Claire-Deville, I availed myself of the opportunity to ascer- 
tain one of the physical properties of this extraordinary 
metal, which it does not appear has been yet determined, viz. 
its order in the voltaic series. The following are the results 
of my experiments. 

Solution of potass acts more energetically and with a 
greater evolution of hydrogen gas upon aluminum than it 
does on zinc, cadmium or tin. In this liquid alimiinum is 
negative to zinc, and positive to cadmium, tin, lead, iron, 
copper and platina. Employed as the positive metal, the 
most steady and energetic current is obtained when it is 
opposed to copper as the negative metal ; all the other metals 
negative to it which were tried became rapidly polarized, 
whether above or below copper in the series. 

In a solution of hydrochloric acid aluminum is negative 
to zinc and cadmium, and positive to all the other metals 
above named. With this liquid also copper opposed to it 
as the negative metal gave the strongest and most constant 
current. 

Nitric and sulphuric acids are known not to act chemically 
in any sensible manner on aluminum. With the former 
acid diluted as the exciting liquid aluminum is negative to 
zinc, cadmium, tin, lead and iron. The current with zinc 
is strong ; with the other metals very weak, and it is pro- 
bable that their apparent negative condition is the result of 
polarization. When aluminum is immersed in dilute sul- 
phuric acid, this metal appears negative to zinc, cadmium. 
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tin and iron^ but with lead^ on which sulphuric acid has no 
action^ the current is insensible. In both these liquids 
copper and platina are negative to aluminum, and notwith- 
standing the apparent absence of chemical action on the 
latter metal, weak currents are produced. 

It is rather remarkable that a metal, the atomic number 
of which is so small, and the specific gravity of which is so 
low, should occupy such a position in the electromotive scale 
as to be "more negative than zinc in the series. 
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T^legrapjie automatique dcrivant. 

[From the ' Comptes RenduB de rAcad^mie des Sciences/ 1859^ tome 

xlviii. pp. 214-220.] 

J'ai Fhonneur de soumettre k FAcademie un nouveau tele- 
graphe automatique ^crivant^ lequel^ je pense^ presente des 
avantages que Ton n'a pas encore obtenus jusqu^ici. Avee 
I'appareil depose actuellement sur le bureau, on pent im- 
primer 500 lettres par minute. Les bandes trouees de papier 
qui determinent Fordre et la succession des courants electri- 
ques par un m^canisme analogue k celui des metiers k la 
Jacquard^ sont preparees de telle sorte^ que les groupes de 
points qui constituent les differentes lettres sont distincte- 
ment separes, ce qui rend impossible la confusion k laquellc 
donne lieu frequemment aujoiird'hui la succession continue 
de lettres adjacentes ; et l^impression de la depeche en points 
traces k Fencre k ^crire n'ajoute rien au poids des organes de 
Fappareil ou n^oppose aucune resistance k la puissance mo- 
trice des electro-aimants. 

Mon invention consiste essentiellement dans une nouvelle 
combinaison de mecanismes ou appareils, ayant pour objet 
la transmission k travers un circuit t^legraphique de messages 
ou d^peches preparees k Favance et qu^il s'agit de signaler 
ou ecrire k une station Soign^. De longues bandes ou 
rubans de papier sont percees^ par une machine construite k 
cet eflFet, d'ouvertures ou trous groupes de maniere k repr^- 
senter les lettres de Falphabet ou d'autres caracteres conven- 
tionnels. La bande ainsi pr^paree est placee dans un ap- 
pareil associe k un rheomoteur ou source quelconque de puis- 
sance electrique, lequel appareil mis en action fait mouvoir 
longitudinalement la bande de papier, et la fait agir sur deux 
pointes, de telle maniere que si Tune des pointes est soulevfe, 
le courant est transmis au circuit telegraphique dans une 
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certaine direction, tandis que si c'est Tautre pointe qui est 
soulevee, le courant est transmis dans la direction opposee. 
Les soulevements et les abaissements des pointes sont gou- 
vemes ou determines par les trous du papier et les inter- 
valles pleins qui les separent. Ces courants qui se suivent 
ainsi, tantot dans une direction, tantot dans la direction op- 
posee, agissent sur un appareil ecrivant ou imprimant h la 
station distante, de maniere k lui faire produire des marques 
correspondantes sur un ruban ou bande de papier mue par 
un mecanisme approprie. 

Je vais maintenant decrire plus en detail les diverses parties 
ou organes de ce sysfteme telegraphique, en faisant remarquer 
k Favance que chacun de ces organes a son individualite et 
son originalite propres, et pent ^tre applique aux appareils 
dejk existants. 

Le premier appareil est un perforateur, instrument destine 
k percer de trous les bandes de papier dans I'ordre voulu 
pour former la depeche. La bande de papier passe dans une 
rainure servant k la guider. Sur le fond de la rainure on a 
menage une ouverture assez large pour permettre le mouve- 
ment de va-et-vient du bord sup^ricur d^un ch&ssis portant 
trois emportepiece ou poin9ons dont les extremites sont 
placees sur une meme ligne transversale ou perpendiculaire i, 
la longueur de la bande. Chacun de ces poin9on8 pent s^- 
parement se soulevcr par Paction du doigt sur une touche qui 
lui correspond. La prcssion du doigt sur la touche, en' outre 
du soulevement du poin9on correspondant, soulevement qui 
a pour objet de percer le papier, produit successivement deux 
mouvements differents : premierement elle souleve une pince 
qui fixe le papier dans la position qu^il occupe ; secondement 
elle fait avanccr le chassis qui porte les trois poin9ons. Dans 
ce mouvement en avant, celui des poin9ons qui a ete soulev^, 
entraine la bande de papier et la deplace de la quantite voulue. 
Pendant le mouvement de retour de la touche qui a lieu 
lorsque le doigt a cesse de la presser, la pince fixe d^abord le 
papier, puis le ch&ssis retombe dans sa position normale. 
Les deux touches et les deux poincjons exterieurs servent It 
percer les trous qui, groupes ensemble, representent les 

M 
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lettres oa autres caracteres. La touche et la poin^on du 
milieu servent h faire les trous plus petits qui marquent les 
intervalles de separation de deux lettres ou caracteres con- 
s^cutifs. Les perforations de la bande se dessinent done de 
la maniere suivante : 




-°°°-5ooo8 




Far une addition tres-simple^ on rend le perforateur apte 
k transmettre de nouveau k une station plus eloignee une 
depeche qui vient d^^tre re9ue imprimee, sans qu'il soit au- 
cunement necessaire de la traduire^ sans mSme qu^on ait 
besoin de savoir ce qu'elle exprime ou signifie. On fait 
passer la bande imprimee qui vient d'etre re9ue entre deux 
rouleaux dont Pun re9oit le mouvement d'une vis toumee k 
la main de maniere k faire passer successivement les carac- 
teres de la depeche sous les yeux de Foperateur. On agit 
avec la main droite sur les touches du perforateur^ tandis 
qu'on fait tourner la vis de la main gauche ; k mesure que 
les caracteres se presentent successivement k la vue^ on 
abaisse les touches correspondantes aux points dont les lettres 
sont composees. C^est une operation toute machinate et qui 
n'exige presque aucun cflFort d'intelligence. II n^y a, en 
realite^ rien de change k I'alphabet actuellement en usage ; 
on pent convenir, en eflFet, que les points d'un c6te de la 
bande representeront les points ou marques courtes^ et les 
points de Tautre cdte de la bande^ les traits ou marques 
longues de Falphabet actuel^ Fordre de succession des mar- 
ques restant d^ailleurs ce qu^il est : seulemcnt^ dans mon 
systeme^ les lettres occupent un espace moins loi}g et sont^ 
par consequent^ lues plus f acilement. 

Le second appareil est le transmetteur, dont la fonction est 
de recevoir les bandes de papier prealablement percees par le 
perforateur^ et de transmettre les courants produits par une 
pile voltai'que ou tout autre rheomoteur dans Fordre et la di- 
rection determines par les trous faits dans le papier. Cette 
transmission s^opere par un m&anisme assez semblable k 
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celui par lequel le perforateur exerce ses fonctions. Un ex- 
centrique produit et regie la recurrence ou succession de 
trois mouvements : l"" le mouvement de va-et-vient d'un petit 
chdssis qui contient une coulisse avec rainure destinee k 
recevoir la bande de papier et k la faire avancer pendant le 
deplacement en avant du ch&ssis; 2"* le soulevement et Tabais- 
sement d^un ressort qui maintient la bande de papier fixe 
pendant le mouvement en arriere du chassis et lui permet de 
le suivre dans son mouvement en avant ; 3° Pelevation ou 
soulevement simultane de trois pointes ou fils metalliques 
places parallelement les uns aux autres^ reposant par Tune 
de leurs extremites sur I'axe de Pexcentrique et penetrant 
par leur autre extremite libre dans des trous perces dans la 
rainure de la coulisse. Les trois fils ne sont pas fixes k Taxe 
de rejfccentrique, mais chacun d^eux est appuye contre lui par 
un ressort poussant de bas en liauty de sorte que si Ton 
exerce un leger eflPort sur Pextremite libre de Fun quelconque 
des fils^ le fil que Ton presse pent s^abaisser independamment 
des autres. Si la bande de papier n'est pas insert ou mise 
en place, et si Ton fait mouvoir Fexcentrique, une pointe 
attachee k chacun des deux fils exterieurs passe, durant 
chaque mouvement en avant et en arriere du chassis, du con- 
tact avec un ressort au contact avec un autre ressort ; par le 
moyen de ces contacts et d'isolements convenablement me- 
nages, tout est dispose de telle sorte, que pendant qu^un des 
fils est abaisse, Tautre restant souleve, le courant passe de la 
source electrique dans le circuit telegrapbique suivant une 
certaine direction, tandis qu^il passe dans la direction con- 
traire si le fil d^abord souleve est maintenant abaisse, et re- 
ciproquement j le courant sera interrompu ou cessera de 
passer si les deux fils sont k la fois souleves ou abaisses. Si 
maintenant la bande de papier preparee est placee dans la 
rainure et entrainee en avant, quel que soit celui des deux 
fils qui entre dans un des trous de la rangee ou serie qui lui 
correspond, le courant passe dans une direction; et quand 
Textremite de Tautre fil entrera k son tour dans im des trous 
de la seconde rangee ou serie, le courant passera dans la 
direction opposee ; par ce moyen les courants sont amenes k 

u2 
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se succeder Fun h Vautre automatiquement dans Pordre et la 
direction voulus pour produire toute espece de signaux. Le 
fil du milieu agit simplement comme guide du papier pen- 
dant la cessation des courants. La roue qui fait marcher 
Pexcentrique pent Stre toum^e h la main ou par une force 
motrice quelconque. Lorsque le mouvement des transmet- 
teurs sera effectue par des machines^ un ou deux aides suffi- 
ront pour en surveiller un nombre quelconque^ pour trans- 
mettre un nombre ^gal de dep^ches. Ce transmetteur n'exige 
qu'un seid fil telegrapliique ; on pent d^ailleurs, si Ton veut, 
reduire la depeche k une seule rangee de trous ; dans ce der- 
nier cas, le perforateur pourrait n'avoir que deux touches et 
le transmetteur deux tiges ou fils au lieu de trois. 

Le troisieme appareil est le ricepteur qui produit ^ la sta- 
tion d^arriv^e, sur une bande de papier^ des marques ou 
points noirs correspondants dans leur arrangement regulier 
aux trous du papier perc^. Les plumes ou styles sont sou- 
levees ou abaiss^es par leur liaison avec les parties mobiles 
des electro-aimants. EUes sont ind^pendantes Tune de 
Pautre dans leur action et tellement disposees^ que si le cou- 
rant passe h. travers le fil inducteur de Telectro-aimant dans 
une direction^ une des plumes est abaiss^e^ et que lorsque le 
courant passe en sens contraire^ c'est Pautre qui est abaissee. 
Lorsque le courant cesse^ de legers ressorts ou mieux de 
petits aimants ramenent les plumes ^ leur position ou k leur 
Elevation normale. L^encre est foumie aux plumes de la 
maniere suivante, par un reservoir de 3 millimetres environ 
de hauteur, d'lme longueur et d'une largeur convenables, fait 
d'une piece de metal dore k la int^rieur pour prevenir Faction 
corrosive de Pencre qu'on y verse : le fond de ce reservoir 
est perce de deux trous assez petits pour que Paction capil- 
laire empeche Pencre de couler par leurs ouvertures ; les ex- 
tremites des plumes sont plac^es immediatement au-dessus 
de ces petits trous; elles y p^netrent lorsque Paction des 
Electro-aimants les abaisse, emportant avec eUes ime charge 
d'encre suflSsante pour imprimer des marques ou points tres- 
visibles k la surface du papier qui passe sous elles. Le 
mouvement de progression en avant du papier est produit et 
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regl^ par un m&^amsine semblable k celui des r^epteurs des 
autres telegraphes imprimants. 

Le qiiatrieme appareil est un instrument que j^appelle tra- 
ducteur. Son objet est de traduire le signal telegraphique 
forme d'une succession on ensemble de points ou de marques 
conventionnelles en caracteres alphabetiques ordinaires. 
Dans le systeme que j'ai adopte et qui limite k quatre le 
nombre des points entrant dans un signal^ on dispose de 
trente caracteres distincts. Le traducteur montre au dehors 
neuf touches, dont huit sont disposees sur deux rangees pa- 
rallels, quatre dans chaque rangee ; la neuvieme touche est 
placee separement. La partie principale du mecanisme est 
une roue portant k sa circonference trente types, places k des 
distances egales, representant les lettres et autres caracteres 
de Falphabet. Un second mecanisme est tellement dispose 
et uni au premier, que si I'on abaisse les touches de la rangee 
superieure, la roue s^avance de 1, 2, 4 ou 8 pas ou lettres ; 
que si Ton abaisse de la meme maniere les touches de la 
rangee inferieure, la roue avance respectivement de 2, 4, 8 
ou 16 pas ou lettres. Par cette disposition, lorsque les 
touches sont abaissecs successivement dans Pordre suivant 
lequel les points sont imprimes sur le papier, c'est-k-dire si 
Ton abaisse la premiere touche pour un point, la premiere et 
la seconde pour deux points, etc., et que Ton choisisse les 
touches de la rangee superieure ou de la rangee inferieure 
suivant que le point est sur la ligne superieure ou sur la 
ligne inferieure de la bande de papier imprimee, la roue k 
types ou lettres sera amenee dans la position convenable pour 
montrer la lettre correspondante k la succession ou ensemble 
de points traces sur la bande. Le neuvieme touche, lors- 
qu^elle est abaissee, agit pour imprimer le type ou la lettre 
sur la bande, pour la faire avancer de maniere k oflFrir une 
place fraiche ou libre k la roue k types, et pour ramener la 
roue k types k sa position premiere. 

Je termine par quelques remarques sur les avantages qu© 
presente ce nouveau systeme. Quelle que soit la dext^rit€ 
pratique que puisse acquerir un op^rateur agissant par sa 
volonte, le resultat obtenu par lui sera toujours tres-inferieur 
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•On the Circumstances which influence the Inductive 
Discharges of Submarine Telegraphic Cables. 

[From a Report of tlie Joint Committee appointed by the Lords of the 
Committee of Privy Comicil for Trade and the Atlantic Telegraph 
Company, to inquire into the construction of Submarine Telegraph 
Cables. Eyre & Spottiswoode, 1861.] 

[Plate XVIL] 
1. 

The introduction, in late years, of submarine telegraphic 
cables, and the substitution of subterranean lines of consider- 
able lengths for the aerial lines almost exclusively employed 
formerly, have brought into evidence certain conditions of 
electrical charge which so materially influence the rapidity 
and frequency of the signals transmitted as to make it an 
ol^ect of the highest importance that they should be strictly 
investigated, in order that it may be ascertained whether it 
be possible to obviate the evil effects arising therefrom, or in 
any degree to alleviate them. 

These conditions could not fail to come under the obser- 
vation of persons employed in telegraphic operations, as soon 
as such lines were constructed ; but before they were made 
the subject of investigation by Mr. Werner Siemens * and 
Dr. Faraday tj only vague notions respecting their cause 
prevailed. 

When a metallic wire is enveloped by a coating of some 
insulating substance, as gutta-percha or india-rubber, and is 
then surrounded by water or damp earth, the system becomes 
exactly analogous to a Leyden jar or coated pane ; the insu- 
lating covering represents the glass, the copper wire the inner 
metallic coating, and the water or moist earth the external 
coating. The electricity with which the wire is charged, by 

* Annales de Chimie et de Physique, 3*^® s^rie, tome xxix. 1850. 
t Proceedings of the Royal Institution, January 20, 1864, '* On Electric 
Induction'^MMliAid cases of current and static effects.^* 
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bringing the pole of an active battery in contact with it, acts 
by induction on the opposite electricity of the surrounding 
medium, which in its turn re-acts on the electricity of the 
wire, drawing more from the source, and a considerable accu- 
mulation is thereby occasioned, which is greater in propor- 
tion to the thinness of the insulating covering. 

One mile of copper wire, one sixteenth of an inch in dia- 
meter, presents a surface of 85*95 square feet, and receives 
the same charge irom a source of the same tension as a 
Ley den jar having an equal number of square feet of tinfoil 
coating. There is, however, one material difference between 
the two cases. Though both are discharged in a time inap- 
preciably minute to the senses, the discharge firom the wire 
occupies a comparatively much longer interval than that from 
the coatings of the jar. 

A wire on insulating supports, in the open air, when it is 
unconnected with the earth, receives also a charge, but very 
much smaller in amount, the inductive action of distant sur- 
rounding bodies exerting but little influence upon it. 

Although certain general conditions of this inductive action 
in telegraphic wires have been made the subject of experi- 
ment, and are now well known, our knowledge in regard to 
this subject still remains very limited. 

It was therefore thought desirable that a series of experi- 
ments should be instituted, under circumstances as closely 
resembling those which take place in actual telegraphic lines 
as possible, in order to determine the amount of inductive 
discharge in wires of very considerable lengths, according to 
variations in the lengths of the wires, their diameters, the 
material and thickness of the insulating substance, and in the 
temperature and pressure of the medium by which they are 
surrounded. 

For the purpose of these experiments the following coated 
wires were procured : — 

Sixteen miles of copper wire, 1/16 of an inch in diameter, 
with a coating of gutta-percha 3/32 of an inch in thickness. 

Nine wires, each one mile in length, of various diameters 
coated with gutta-percha of different thicknesses. Duplicates 
were provided of five of these wires. 
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Fifteen wires^ each one mile in lengthy and 1/16 of an inch 
in diameter^ coated with different insulating materials^ pre- 
pared by different manufacturers^ as hereafter described. 

In all^ 45 miles of insulated wire. 

These lines were formed into large coils^ and placed in a 
tank filled with water. The ends of each mile were brought 
into the operating-room, for the purpose of being connected 
with the battery, the instruments, and the earth communica- 
tions, as occasion required. 

The battery, which was on Daniell's principle, consisted of 
512 pairs of plates ; and during the course of the experiments 
it was so arranged that either 1, 2, 4, 8, 16, 32, 64, 128, 256, 
or 512 elements might be brought into action at pleasure. 
Every care was taken to have the battery well insulated. 

2. Instrument for charging and discharging Wires, 

The charging and discharging of the wires were effected by 
the simple apparatus represented by fig. 1 (Plate XVII.). 

A B is a slab of ebonite*; C, D, E, three pieces of brass, 
furnished with binding-screws 1, 2, 3 ; to the middle piece is 
attached a double lever key, by means of which it may be 
brought at will into metallic communication with either of 
the external pieces. The part of the key to be touched by 
the finger is also made of ebonite. F, G, H, are three insu- 
lated pieces of brass, each having two binding-screws, 4 7, 5 8, 
and 6 9. 

A short wire from one pole of the battery, the other being 
connected with the earth, is to be attached to the binding- 
screw 7 ; the insulated wire, whose charge or discharge is to 
be measured, to 8 ; and 9 is to be connected by a wire to the 
earth. 

To ascertain the amount of charge communicated to the 
insulated wire, a galvanometer must be inserted between 1 
and 4. On bringing the key into contact with C, the charge 
of the battery is communicated to the wire, and the amoimt 
is indicated by the galvanometer. 

* Ebonite is an indurated preparation of india-rubber, and is an excel- 
lent insulator. 
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To measure the discharge from the insulated wire, the gal- 
vanometer must be placed between 3 and 6. The key is first 
brought into contact with C, by which the wire is charged ; 
it is then brought into contact with E, which operation dis- 
charges the wire through the galvanometer into the earth. 

If the galvanometer be interposed between 2 and 5, the 
currents arising both from the charge and discharge are suc- 
cessively indicated by the galvanometer. 

The binding-screws 1 4^ 2 5^ 3 6^ when not connected by 
a galvanometer must be united by short wires. 

3. 

Galvanometers of very different constructions were cm- 
ployed at various times in these experiments, which lasted 
several months. As the tension of the battery was subject 
to considerable variations at different times from a variety of 
causes, and as the needles of the galvanometers were occa- 
sionally affected by powerful currents sent through them, 
which occasioned changes in the directive power, no com- 
parison can be safely made between experiments with the 
same instruments made at distant times. Every precaution, 
however, was taken to ensure the perfect comparability of 
the experiments of each group made at the same time. 

The galvanometers employed were as follows : — 

A galvanometer with a pair of astatic needles suspended by 
a silk fibre without torsion. Length of wire 80 yards j 
diameter of wire l-40th of an inch > A. 

A similar galvanometer, the weight of the needles only 
being different B. 

A galvanometer with very long wire, the resistance of 
which is stated by its constructor (Mr. Henley) to be 
equal to five miles of the ordinary telegraphic wire .... 0. 

Another galvanometer, with very long wire, having a much 
greater resistance D. 

A ffalvanometer with needles not astatic suspended by a 
silk fibre, having 30,500 coils of wire 1-600 of an inch 
in diameter '. E. 

A torsion galvanometer with astatic needles suspended by 
a glass thread. Length of wire 130 yards ; diameter of 
wire 1-40 of an inch • F. 

The currents produced during the charging or discharging 
of wires, even of many miles in length, are of such extremely 
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short duration^ that they cannot affect the needle of a galva* 
nometer in a permanent manner; we are therefore obliged 
to take as their measure the instantaneous maximum deflec- 
tion of the needle which they occasion. 

The forces which produce these deflections are, as in the 
similar case of the balistic pendulum^ generally assumed to 
be as the chord of the arc through which the needle passes. 
The arcs themselves, when they do not surpass 30° or 40°, 
may, for these experiments, which do not admit of the utmost 
accuracy, be considered as sufficient approximations. 

4. Influence of the Electro-motive Force of the Battery on the 

amount of Discharge. 

A variety of experiments were made with Unes varying 
from 1 to 16 mUes in length, and with batteries varying from 
16 to 512 elements ; they all led to the same result, that the 
amount of discharge is proportionate to the electro-motive 
force or tension of the battery. I will record one series of 
experiments, in which the galvanometer A was employed, in 
proof of this : — 



Number of 


One Mile. 


Eight 
Miles. 


Sixteen 


Peltier's 


ElAmentB. 


Miles. 


Electrometer. 




o 


o „ 


o 


o 


16 


« • 


2-6 


5 


• • 


32 


• • 


5 


10 


• • 


64 


• • 


10 


20 


14 


128 


2-5 


20 


41 


28 


256 


5 


41 


88 


• • 


512 


10 


88 


. • 


• • 



It will be found that the chords of these angles are pro- 
portionate to the electro-motive forces, or number of elements 
of the battery. 

The fifth column gives the tensions of the battery ascer- 
tained by Peltier's electronometer ; the high tensions are not 
given, because beyond 30° the forces are no longer in pro- 
portion, to the angljBS. 
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5. Influence of the Length of the Wire on the Inductive 

Discharge, 

In the following experiments the discharge was taken suc- 
cessively from 1, 2, 3, and 4 miles of copper wire, 2/32 of an 
inch in diameter, covered with gutta-percha 3/32 of an iuch 
in thickness. A battery of 504 elements was employed to 
charge the wires, and two short-wire galvanometers (A and B) 
were used for obtaining the measures. The numbers in the 
first and second columns were obtained with the same gal- 
vanometer, but the tension of the battery was different in 
the two cases: the galvanometer B had a more sensitive 
needle. 





Ghilyanometer A. 


G^vanometer 
B. 


1 mile 

2 miles 

3 miles 

4 miles 


7-6 
16 
22-6 
80 


7 
14 
21 
28 


11 
22-6 

a3-3 

43 



The discharges from one and two miles were also com- 
pared when the wires had different diameters and different 
thicknesses of insidating covering. 



Diameter of 
copper wire. 


Thickness of 
gutta-percha. 


One mile. 


Two miles. 


2/32 
2/32 
2/32 
4/32 
8/32 


8/32 
6/32 
12/32 
6/32 
6/32 


8 
6 
6 

8-5 
13 


16 
12 
9-6 
17 
26-5 



From these experiments it is evident that the discharge is 
directly as the length of the wire. 

In the galvanometers employed when the deviations do not 
exceed 30°, the angles may, without sensible error, be sub- 
stituted for the chords. 

When galvanometers with very long wires are employed, 
equally correct results are not obtained ; they give for ascend- 
ing degrees numbers considerably in excess, as the following 
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table will show. A battery of 72 elements was employed 
with the galvanometer C^ and one of 144 elements with the 
galvanometer D. 





Galyanometer 0. 


Qalyanometer D. 


Imile 

2 miles 

3 miles 

4 miles 


24i 24, 23 
49, 49, 52, 49 
89, 89 
134, 134, 132 


10, 10, 10, 11 
23, 24, 23, 
35, 36i, 38 
52, 62. 50 



Assuming that the discharges are proportionate to the 
lengths of the wire, and that the chords of the angles accu-. 
rately measure these discharges, the angles should have 
been : — 





Ghilyanometer C. 


GalYanometer D. 


1 mile 

2 miles 

3 miles 

4 miles 


24 

49 

77 

110 


11 
22 
33 
45 



6. Simultaneous Discharges, 

The following experiments show that when a discharge is 
effected simultaneously from a number of wires united at 
their discharging ends, the effect on a galvanometer is the 
same as when the wires are all united together to form one 
continuous length. No doubt when four miles of wire are 
simultaneously discharged, the discharge is effected in one 
fourth of the time that it is from the same wires united con- 
tinuously ; but as the intensity is at the same time increased 
four times, the total quantity, which is the intensity multi- 
plied by the time, remains the same, and produces the same 
deflection of the needle of the galvanometer. 

The battery of 504 elements and the galvanometer A were 
employed for these experiments. 





In continuous lengtli. 


Side by side. 


1 mile 

2 miles 

3 miles , 

4 miles 


7-5 
15 
22-5 
30 


7-5 
15 
22 
30 
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7. Influence of the Conductivity of the Wire. 

An iron wire, one mile in length, 4/32 of an inch in dia- 
meter, and with a covering of gutta-percha 3/32 of an inch 
in thickness, was compared, with respect to the [amount of 
its discharge, with a copper wire of the same diameter, and 
similarly coated. Employing the same battery force and the 
same galvanometer, the discharge was in all cases found to 
be the same in both lines. It appears from the particulars 
furnished by the Gutta-percha Company, that the weights of 
the gutta-percha coatings on the two wires were not precisely 
the same, that on the iron wire beiug 150 lbs. to the mile, 
while that on the copper wire was only 134 lbs. to the mile; 
the difference of thickness hereby occasioned would not, how- 
ever, materially influence the result. 

Iron affords eight times greater resistance to the passage 
of the voltaic current than copper does. It has been proposed 
in the construction of submarine cables to substitute for the 
copper conducting wire, an iron wire, increasing its thickness 
so as to render its conductivity equal to the former; but 
though the force of the current would remain the same, the 
induction would increase with the diameter of the wire, and 
a positive disadvantage would ensue. 

The conductivity of the metal, other circumstances remain- 
ing the same, therefore does not seem to influence the amount 
of the discharge. 

For the same reason, care should be taken to procure for 
submarine telegraphic lines copper wire of the highest con- 
ductivity. It wijll be seen in Dr. Matthiessen^s report that 
the copper wires of commerce vary extremely, from 100 the 
standard to 14*24. By employing a bad conductor of the 
same diameter, the resistance of the circuit is increased, wliile 
the induction remains the same. 

8. Influence of the Diameter of the Wire and the Thickness of 
the Insulating Coating on the Amount of Discharge, 

In order to ascertain in what manner the diameter of the 
wire and the thickness of the insulating coating affects the 
amount of discharge, the Gutta-percha Company was re- 
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quested to prepare nine experimental lines of copper wire 
covered with gutta-percha^ each one mile in lengthy the wires 
having various diameters^ and the gutta-percha covering 
various thicknesses^ as shown in the following table. The 
figures in the horizontal row indicate the former^ and those 
in the vertical row the latter ; the unit is the thirty-secondth 
of an inch. 

When the lines were manufactured^ the quantities of gutta- 
percha in the various coverings were found not to be so exact 
as they ought to have been. To enable corrections to be 
made^ I have given in the following table the weights of the 
gutta-percha coverings given by the company, and also the 
relative weights corresponding to the thicknesses intended, 
the line 2/3 being taken for the point of comparison. The 
upper figures represent the calculated weights, those below 
them the weights given by the company, and the lowest their 
differences positive or negative. The actual weights were 
determined in the following manner : — ^The coils of coated 
wire were weighed, and the weight of the copper wire having 
been previously calculated, it was deducted from the gross, 
and the remainder given as the weight of the gutta-percha. 
" It is almost impossible,^^ says the manager of the company, 
'' to put gutta-percha on the wires with sufficient accuracy 
to ensure two miles having precisely the same weight ; copper 
wire will vary too in the same length/^ 

In this table the weights are given in pounds : — 







COPPEIt WlHE. 








2 4 


8 


g 


3 
6 


100 
100 




140 
134 

6 


220 
169 

61 


320 
338 


400 
408 


660 
679 


1 

i 

O 


12 


-18 


-8 


-19 


1100 
1120 


1280 
1300 


1600 
1036 






-20 


-20 


-36 
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The table which follows gives the ratios of the two numbers, 
or the calculated divided by the actual weights. The greatest 
discrepancy is in the line 8/3. 

2 4 8 



3 

1 


1-000 1 


1-044 i 


1-382 


1 6 


•946 


•980 


-907 


: 12 


'VS2 1 

1 


•9^4 

1 


-978 



To control in some degree the weights given by the Com- 
pany, a six-inch length of each of the lines was cut off and 
their gutta-percha coatings were accurately weighed. The 
following table gives these weights in grains, compared with 
the relative weights corresponding with the calculated thick- 
nesses. The upper figures represent the calculated weights ; 
as before, 2/3 is taken as the point of comparison. 

2 4 8 



3 

6 

12 


CO 
00 


92-4 
93^ 


14o^2 
14:3- 





•0 


2-2 


211-2 
i>29- 


'2iU' 
-1 


3(*,90 i 
15-4 


-17-8 


739-2 
712- 


844-8 
878- 


lOoO 
1090 




27-2 


-332 


-34 



The next table shows the ratios of the calculated and actual 
weights given in the above table. 

2 4 8 



3 1000 


•9i»3 


10o3 


922 


•990 


-900 


12 i 1-038 -902 

I 


•968 



It will here be seen that, in the case of 8/3, the actual 
weight more nearly corresponds with the calculated weight 

N 
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than that rendered by the company. This fact, added to the 
results of the experiments hereafter recorded, inclines me to 
think that there is some error in the statement of the gross 
weight of this wire given by the company ; but on this point 
I have not been able to obtain any satisfactory information. 

Many series of experiments were made at various times to 
measure the discharges from these nine lines. Battery- 
powers from 32 to 512 elements were employed, and the 
measures were made with galvanometers of very different 
constructions. The following tables exhibit some of these 
results. Those on the left-hand side give the angular deflec- 
tions of the needles, and those on the right-hand side the 
corresponding chords of these angles. The arrangement of 
these tables allows the influence of the diameter of the wire 
and of the thickness of the gutta-percha coating to be sepa- 
rately seen by a simple inspection. 

FmsT Seeies. 
Battery of 512 elements — Galvanometer A. 
2 4 8 2 4 8 



3 


7-2 


12-0 


15-7 


3 

6 

12 


62 


104 


136 


6 


6-0 


7-9 


12-0 
7-9 


43 


C9 


104 


2 


3-8 


6-0 


32 


43 


09 



Second Series. 
Battery of 612 elements — Galvaijometer F. 

4 8 2 4 



8 



6 
12 



11-2 


180 


240 


3 

6 

12 


97 


150 


207 


7-8 


11-8 


180 


67 


102 


156 


6-8 


8-2 


12-0 


50 


71 


104 



Thiiid Series. 
Battery of 128 elements — Galvanometer D. 





2 
15-9 


4 
25-0 


8 


3 



12 


2 


4 


8 


3 


31-0 


138 


216 


207 


6 


11-2 


16-0 


25-0 


97 


139 


216 


12 


9-0 


120 


16-6 


78 


104 


144 
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FouBTH Series. 
Battery of 128 elements— Galvanometer E. 





2 


4 


8 


3 

6 

12 


2 


4 


8 


3 


2o-6 


400 


63-0 


220 


342 


440 


6 


18-7 


270 


410 


102 


233 


350 


12 


140 


lO-o 


27 


121 


109 


233 



Fifth Series. 
Battery of 64 elements — Galvanometer C. 





2 


4 


8 


3 

6 

12 


2 


4 


8 


3 


13 


22 


30 


113 


190 


2o8 





8-5 


13 


22 


74 


113 


190 


12 





9 


13-5 


52 


78 


117 





2 


4 


8 


3 


9 


14 


18-5 


C 





9 


14-5 


2 


5 


0-5 


9-5 



78 


121 


160 


52 


78 


120 


43 


61 


82 



Sixth Series. 

Battery of 612 elements — Galvanometer B, with charged needles. 

2 4 8 

3 



12 



Comparing all these groups of experiments together, we 
shall not be far from the truth if we assume, as an emj)irical 
law, that the amount of discharge from wires of different 
diameters, with coverings of various thicknesses of the same 
insulating material, is directly as the square root of the semi- 
diameter of the wire, and inversely as the square root of the 
thickness of the insulating envelope. At any rate, this law 
is approximatively true for every proportion that can be prac- 
tically employed in telegraphic operations. 

If we look more minutely to the results, it appears that 
the discharge increases a little more rapidly than the square 
root of the radius of the wire, and decreases a little more 
rapidly than the square root of the thickness of the gutta- 
percha; and that when the wire and gutta-percha increase 
in the same proportion, the discharge does not remain exactly 

n2 
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the same^ but increases slightly as the total diameter in- 
creases ; but these differences may have arisen from varia- 
tions in the diameter of the wires and thickness of the insu- 
lating material in the manufacture of the wires. 

There is one practical consequence of some importance to 
be inferred from these results. It is seen that by increasing 
the diameter of the wire and the thickness of the insulating 
covering in the same proportion, the amount of inductive 
discharge remains the same. According to Ohm's law, the 
force of the current in a voltaic circuit, when the length of 
the circuit remains the same, and the resistance of the battery 
is so inconsiderable as to be disregarded when compared with 
that of the metallic portion of the circuit, increases as the 
square of the diameter of the wire. We have therefore a 
means of increasing the strength of the current without aug- 
menting the effects of induction. If it be found inconvenient 
in practice to increase both the wire and insulating covering 
proportionably, greater advantage will be obtained by in- 
creasing the diameter of the wire than the thickness of the 
gutta percha ; for while the latter remains the same, the in- 
ductive discharge increases only as the square root of the 
diameter of the wire, while the force of the current increases 
as the square of the diameter ; whereas, if the diameter of the 
wire remains the same, and the thickness of the gutta-percha 
be made to vary, the strength of the current will remain the 
same, while the induction will only decrease as the square 
root of the thickness. If the resistance of the battery be 
considerable, the advanti^e arising from the thickness of the 
wire will not be so great. 

9. On the Influence of the Insulating Material on iJie 

Amount of Discharge. 

Gutta-percha is the insulating material which has been 
hitherto almost exclusively employed in the manufacture of 
submarine and subterranean telegraphic lined. Wires coated 
with india-rubber have, however, in some places-been brought 
into use, and recently numerous patents have been obtained 
for compound materials, into which either gutta-percha or 
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india-rubber largely enters, or for interposing other substances 
between the wires and the gutta-percha or india-rubber coat- 
ing, or between different coatings of these materials. 

To ascertain the comparative advantages and disadvantages 
of these various materials with respect to their inductive and 
insulating properties, the manufacturers of them were re- 
quested by the Committee to furnish, for the purposes of ex- 
periment, wires one mile in length and one-sixteenth of an 
inch diameter, coated according to their respective processes. 
The following is a list of the manufacturers who responded 
to the application, and upon whose coated wires the com- 
parative experiments were made : — 

1. The Gutta-percha Company : Thickness 

r *r J of coating. 

An improved preparation of gutta-percha, in which collo- 
dion is said to be one of the constituents 3/32 

Standard gutta-percha 3/32 

Do., with coating of double thickness G/32 

Ten coatings of gutta-percha alternating with 10 coatings 

of Chatterton's compound 6/'32 

2. Messrs. Silver and Co. : 

Masticated india-rubber, cut into narrow slips, which are 
coiled spirally round the wire, and are cemented by a 
heat not exceeding that of boiling water B 6-25/32 

Do C 3-86,32 

3. Messrs. Hall and Wells : 

Three coatings of pure india-rubber covered externally 
with vulcanized india-rubber thread, with cotton thread 
interposed between the wire and the coating A 3/32 

One coating next the cotton-covered wire of pure india- 
rubber, three coatings of manufactured india-rubber, and 
one externally of vulcanized india-rubber thread . . B 3 32 

4. Mr. Leonard Wray : 

Wray's compound, consisting of india-rubber, shell-lac, 
powdered flint, and gutta-percha 0/32 

5. Mr. Hughes : 

Two coatings of gutta-percha, with a viscid substance, 
said to be prepared from coal, interposed between the 
two coatings 0/82 
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6. Mr. RadcUffe : ^cbieM 

of coating. 

A preparation of gutta-percha with carbon, for the pur- 
pose of increasing its durability A 6/32 

Do B 6/32 

7. Mr. Godefroy : 

A compound of gutta-percha and pounded cocoanut-shell 3/'32 

As standards with which to compare the lines above enu- 
merated, two wires coated with ordinary gutta-percha, one 
8/32 and the other 6/32 of an inch, were similarly experi- 
mented upon at the same time. 

In the following table the wires coated with diflferent ma- 
terials are arranged according to the thickness of their coat- 
ings. In all cases the copper wire was one sixteenth of an 
inch in diameter. 

Column A gives the discharges according to my own ex- 
periments. A battery of 512 elements and the galvanometer 
were employed. I made a great number of experiments to 
measure the discharges from these lines, employing batteries 
of different powers and galvanometers of various kinds ; the 
results were in satisfactory accordance, especially so far as 
the order of the inductive capacities was concerned. 

Column B. — Another series of measures of discharges. 
These results are taken from Mr. Bartholomew's tables, tem- 
perature 52° F. A battery of 128 elements and the galva- 
nometer were employed. 

Column C. — Loss of insulation for dynamic electricity at 
52° F., extracted from Mr. Rowland's table. 

Column D. — ^The number of minutes and seconds in which 
the line lost half its charge of static electricity. Taken from 
Mr. Bartholomew's table ; temperature 52° P. 

The extra thickness of Silver's india-rubber covered wire 
was due, in each case^ to an external covering of tarred tape. 

By comparing the results given in the following table, 
several interesting conclusions may be deduced. 
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Thickness 
of coating, 
unit=l/32 
of an incli. 


A 

o 
4-5 

45 

4-5 

6 

6 

6 

6-5 

7 

6 

7 

6-5 

6-5 

8-25 

9 

9-5 


B. 


C. 


D. 


Silver's C 


6-25 

« 



6 

6 

6 

6 

6 

3-86 

3 

3 

3 

3 

3 

3 


ib-2 

10-7 

11-4 

14-4 

151 

15-5 

16-6 

170 

11-2 

15-8 

161 

16-2 

22-4 

20- 

22-4 




0- 

0- 

0- 

•43 
10-3 

6-16 
1416 
10-16 

0- 

4-6 

5- 

3- 

9- 
15- 
1816 


m. 8. 

79 

11 15 

50 

6 40 

40 

55 

30 

29 

23 2 

4 57 

3 85 

3 42 

51 

18 

21 


Improved guttarperchaC. 

Wray's 

Gutta-percha alternate . . 
Hucrhes's 


Standard gutta-percha . . 
Radcliffe's B 


Radcliffo'sA 


Silver's B 


Improved gutta^-percha B. 
Improvedgutta-perchaA. 
Hall and VVella^j B .... 
Hall and WelLs's A . . . . 
Standard gutta-percha . . 
Godefrov*8 


V 



1. That india-rubber surpasses all other materials in the 
smallness of the amount of its inductive discharge and the 
perfectness of its insulation. A coating of india-rubber is 
fiilly equal to a gutta-percha coating of double its thickness. 

2. That two artificial compositions, formed by the addition 
of other highly insulating materials to india-rubber or gutta- 
percha, viz. Wray^s compound and the improved gutta-percha, 
closely resemble india-rubber in both these respects. 

3. That the mixture of imperfectly conducting materials 
with gutta-percha, as carbon in Mr. Radcliffe's composition, 
or pounded cocoanut-shell as in Mr. Godefroy's, has the dis- 
advantage of greatly reducing the insulation and increasing 
the induction. 

4. That the interposition of cotton thread between the 
wire and an india-rubber coating, as in Hall and Wells's pre- 
paration, also considerably increases the induction and dimi- 
nishes the insulation. The induction is augmented because 
the cotton thread, which is a bad insulator, increases the 
surface of the conductor; and the insulation is impaired, not 
only because the insulating coating is diminished by the 
thickness of the cotton, but probably also in consequence of 
the greater inductive action. The interposition of cotton 
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between two layers of gutta-percha is equally disadvantageous^ 
as is proved by the experiments on Mr. Hearder^s short line 
of 450 yards. 

5. That the interposition of a viscid insulator between two 
coatings of gutta-percha neither decreases the induction nor 
improves the insulation of the line. If Mr. Hughes^s pro- 
cess should be found to possess any advantage, it will be in 
the tendency of the viscid fluid to fill up air-holes or flaws in 
the gutta-percha C9atings. 

6. Generally speaking the more perfect the insulating pro- 
perty of the material is, the less is its inductive capacity. 
There are, however, several apparent exceptions to this rule 
among the experiments quoted ; but there are so many causes 
to aflPect the experiments on insulation, that we are not war- 
ranted to infer, from these exceptions, the entire indepen- 
dence of the two properties. 

10. Influence of Temperature on the Amount of Discharge, 

Table II. [App. 6 to Report of the Joint Committee] shows 
the influence of temperatures varying from 32° F. to 92° F. 
on 29 coated wires of different descriptions. I will confine 
myself to a few remarks on the results there given. 

The imperfectness of insulation increases with the tem- 
perature, but there is a great difference in the rate of increase, 
according to the insulating substance which is made the sub- 
ject of experiment. Silver's india-rubber maintains an insu- 
lation almost perfect up to 92° F., whilst gutta-percha is very 
considerably afifected. The degree in which other substances 
are affected will be seen in the Table. 

Temperature does not, in general, appear to affect the 
charge in an immediate manner. In most of the lines in 
which the insulation is but slightly influenced by tempera- 
ture, the amount of charge remains apparently the same; 
but when the augmentation of heat occasions a loss of in- 
sulation, the charge also increases with the temperature. 
Wray's compound is the most remarkable exception to this 
rule ; between 32° F. and 92° F. its insulation is very little 
afffected, but its induction varies about 37o. On the contrary. 
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Silver's india-rubber, which retains its high insulation with 
little or no change, preserves nearly the same amount of dis- 
charge from 32° F. to 165° F. 

From Mr. Bartholomew's Tables it is obvious that the 
amount of the discharge is generally less than that of the 
charge. This difference increases as the temperature becomes 
higher ; and if the temperature remains the same, the dif- 
ference is greater in proportion to the loss of insulation. It 
cannot be doubted that this difference between the charge 
and discharge arises solely from imperfect insulation, whether 
owing to the quality of the material or the increase of tem- 
perature. The charge is effected instantaneously, and the 
current arising from imperfect insulation is added to it; 
while the discharge is made after a short interval, during 
which some portion of the charge has had time to escape. 
In the best insulating lines, as Silver's C, Wray's, and the 
improved gutla-percha C, the difference is unapparent at 
any temperature. 

11. Influence of Pressure on the Inductive Discharge and 

Insulation, 

It does not appear evident that pressure exerts any influ- 
ence on the amount of the inductive discharge. Comparing 
together the results [recorded in Table VIT., App. 6 to 
Report of the Joint Committee] of the experiments made 
with the wires not subjected to pressure with those made 
with the same wires when the water in which they were 
immersed was subjected to a pressure of three tons on the 
square inch, there appear to be greater discrepancies between 
the experiments made under the same circumstances of pres- 
sure at different times than there do between the compara- 
tive experiments made under pressure and without pressure. 

The influence of pressure on the static insulation is, how- 
ever, very decided. Pressure greatly improves the insulation^ 
but its effect is more obvious as the material is a worse insu- 
lator. There appears to be less difference in india-rubber, 
when subjected and not subjected to pressure, than upon any 
other of the materials experimented upon. 
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12. Influence of interposed Resistances on the Time of 

charging or discharging. 

When the charge is communicated to the wire through a 
very considerable resistance intervening between it and the 
battery, or when the discharge is effected through a great 
resistance to the earth, the time of charging or discharging 
the wire is very greatly augmented. 

A wire from one of the poles of a battery of 512 elements 
was attached to a binding-screw on an insulated mahogany 
frame, the other pole communicating with the earth; to 
another binding-screw, about half an inch apart from the 
first, was attached the end of an insulated wire two miles in 
length. The charge was allowed to accumulate in the wire 
during different intervals of time, and the discharge current 
was conducted to the earth through the long wire galva- 
nometer (B). 

After J minute the deflection was 12® 
\ minute „ 19'' 

1 minute „ 32' 

2 minutes „ 42° 
4 minutes „ 65° 

The experiment was not tried beyond. When the maho- 
gany frame was removed from the circuit the deflection was 
immediate and beyond 90°. 

In like manner, on interposing a very imperfect conductor 
between the charged wire and the earth the discharge was 
retarded so as to last upwards of two minutes. The effect 
was particularly striking, and presented some instructive par- 
ticulars, when tlie discharge was effected through one of Mr. 
Gassiot's small vacuum-tubes. 

From these experiments it might be inferred that the in- 
terposition of a galvanometer wire, especially when it is of 
great length, would sensibly retard the time of charging or 
discharging. It no doubt does retard it ; but when the cur- 
rent is so instantaneous as only to produce a momentary de- 
flection of the needle the same quantity affects the needle in 
the same manner whether the time of charging or discharging 
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be greater or less. A direct experimental proof of this is 
given in § 6. The following experiment is also in accordance 
with this explanation. 

One mile of wire 2/3 was charged by a battery of 144 ele- 
ments, and then discharged to the earth through the long 
wire galvanometer (B) ; the needle deflected 67''. Four, 
eight, and sixteen miles of similar wire were successively in- 
terposed between the galvanometer and the earth, but in all 
cases the discharge occasioned precisely the same deflection 
of 67°. 

Great as was the resistance of sixteen miles of wire added 
to that of the galvanometer wire (stated by the constructor 
to be equal to five miles of ordinary telegraphic wire), it was 
very small in comparison with the resistances first mentioned. 
When the time of charging or discharging is less than the 
time of deflection of the needle, that deflection is a measure 
of the quantity of dynamic electricity in the instantaneous 
currents; but when the time is greater, as in the first quoted 
examples, the quantity is to be measured by the intensity in- 
dicated by the permanent deviation of the needle multiplied 
by the time. 

13. Discharges from one end of a Wire vhtn the other 
communicates with the Earth. 

The current produced by discharging to the earth the 
static electricity of a charged insulated wire has been con- 
sidered in the preceding sections, and it has been shown to be 
governed by simple and well-ascertained laws. But in the 
actual transmission of telegraphic signals this condition of 
the insulation of the wire at its remote end never obtains. 
When a telegraph is in operation the wire is always connected 
with the earth at its opposite extremity. The state of tension 
is in this case never arrived at, because the current continues 
to flow, and at the moment of discharging the wire only one 
portion of the electricity at that moment existing in it is dis« 
charged through the new path, the other portion passing 
from the opposite end of the wire to the earth, with which it 
is permanently connected. It is of great practical importance 
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that the proportion of the discharge from a wire connected 
with the earth, as compared with the discharge imder the 
same circumstances from the same wire disconnected from 
the earth, should be determined. For this purpose I insti- 
tuted a number of experiments with the wires with which 
the previous experiments were made; but I met with the 
most anomalous results, from causes to which I shall here- 
after refer. I therefore found it necessary, in order to obtain 
reliable results, to make the comparison on an actual sub- 
marine or subterranean telegraphic line. With this view, 
W. Andrews, Esq., the Engineer of the Submarine Telegraph 
Company, kindly placed at my disposal four subterranean 
wires extending 'from London to Dover, a distance of 89 
miles. They were insulated by gutta-percha, and enclosed 
in the same protective covering. The instruments employed 
in the ensuing experiments were the following : — ^The torsion 
galvanometer ; a Peltier's electroscope ; the discharging-key, 
fig. 1 (Plate XVII.) . The wires were marked respectively 
2, 4, 5, and 10 ; and a battery of 81 DanielPs elements, which 
had been some time in action, was employed. 

The electroscope applied to a short wire attached to the 
' copper terminal of the battery, while the zinc terminal was 
connected with the earth, gave a deviation of 11°. When 
either of the wires. No. 2, 4, or 5, insulated at its opposite 
end, was attached to the battery, and the electroscope touched 
at the point of junction, the deviation remained the same, 
viz. 11°. The wires retained no charge when removed from 
the battery. The battery, however, supplied the electricity 
of tension faster than it was dissipated from the wires. The 
battery was very imperfectly insulated ; the elements were 
contained in porcelain jars standing in wooden boxes with 
covers. 

To ascertain the leakages of the respective wires for dy- 
namic electricity, the torsion galvanometer (E) was inter- 
posed in succession between Nos. 5, 4, and 2, and the battery, 
the opposite ends of the wires remaining insulated. The fol- 
lowing were the deflections and corresponding degrees of 
torsion : — 
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Deflections. Degrees of iorsiou. 
No. 4 81° 670 

No. 2 6ir 80 

No. 5 47° 61 

No. 4 leaked^ therefore, above three times more than No. 5, 
the force of the current being as the square root of the tor- 
sion. 

I then proceeded to ascertain the amount of discharge from 
each wire when insulated at its opposite end. The same tor- 
sion galvanometer was employed to measure the instantaneous 
deflections, and the charging and discharging was effected 
by the discharging key, fig. 1 (Plate XVII.), The follow- 
ing were the results : — 

Instantaneous Deflections*. 
No. 4 72, 85, 80, 87 

No. 2 130, 130, 130 

No. 5 141, 140, 141 

It is obvious here that the wire which was the worst in- 
sulated gave the smallest amount of discharge, owing, no 
doubt, to the escape of a portion of the charge. 

It appears also, from the above experiments, that when the 
insulation is imperfect, the amount of the discharge is less 
constant. 

The ends of the wires at Dover were then connected with 
the earth, and similar experiments were made, with the fol- 
lowing results : — 

Instantaneous Deflections. 
No. 4 18% 20% 31°, 20^ 

No. 2 ir, 16% 20°. 

No. 5 14% 12**, 18% 12?, 15°. 

The amount of discharge is much less than when the op- 
posite ends of the wires are insulated, in the case of No. 2 it 
is about seven times less. There is also greater variability 
when the insulation is tolerably good, and imperfect insula- 

• When a torsion galvanometer is employed, the force of the instanta- 
neous current is not as the chord of the angle of deflection, as in the case 
of an ordinary galvanometer ; but, as I have ascertained by experiment, 
it is directly as the angle of torsion with a small constant subtracted. 
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tion^ instead of reducing the discharge^ appears to augment 
it. The discharge from a perfectly insulated wire connected 
with the earth is by no means so accurate a measure of the 
inductive action as the discharge from a charged wire dis- 
connected from the earth. 

Wishing to make similar experiments with a double length 
of wire, Nos. 2 and 5 were connected together at Dover, 
without communicating with the earth there ; the two ends 
of the conductor were therefore at London. The battery 
and key were first applied to the end of 5, and afterwards to 
the end of 2 ; in the first case the end of 2 remained insu- 
lated, and in the second case the end of 5. The following 
measures were obtained : — 

Instantaneous Deflections. 
The end of 2 insulated ; the battery and key 

applied to the end of 5 242, 200, 220. 

The end of 6 insulated ; do. to the end of 2 . 175, 172, 160. 

The first gives an amount of discharge nearly double that 
of a single wire, as might be expected ; the second shows a 
result considerably less. The cause of this discrepancy, fi'om 
the complicated conditions of the experiments, it is difficult 
to explain : the wires were not equal in insulation, and they 
might exert some inductive action on each other from being 
close to each other in the same sheaf. Corresponding expe- 
riments were then made with the ends previously insulated 
communicating with the earth. 

The end of 2 connected with the 

earth ; the hattery and key applied 

to the end of 5 Q7% M% IW, 112°. 

The end of 5 connected with the 

earth; battery and key to the end of 2 70^, 60', 71°. 

The diminution of the discharge from the earth connexion, 
though considerable, is not so great as when half the length 
of wire is employed. The same proportion is kept between 
the measures obtained when the battery is applied to the 
ends 5 and 2 as in the preceding experiments. 
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14. TYue and apparent Discharges. 

I will now revert to the anomalous results which occur 
when it is attempted to obtain a discharge from a wire in 
connexion with the earth, under the same circumstances as 
when the discharges are made from charged wires previously 
insulated at their two ends, as detailed in sections 1-9. 

In general, strong deviations of the galvanometer are pro- 
duced, very much stronger than those resulting from the 
charge of the same wire when insulated at its ends ; but these 
deflections arc capriciously variable, occurring sometimes in 
the deviation of the true discharge-current, and at other 
times in the opposite direction. These effects have been ob- 
served by Mr. Webb, and Mr. Fleeraing Jenkin, and they 
have also attracted the attention of Professor W. Thomson. 
All these gentlemen attribute them to a conflict between the 
true discharge and a discharge of an inductive effect arisiug 
from the mutual action of the coils of the wire upon each 
other, the experiments from which they have drawn their 
conclusions having been made on large coils of insulated 
wire. 

To ascertain the real causes of these perplexing phenomena, 
I instituted a series of experiments, which determined the 
following points : — 1st, the length of wire remaining the 
same, the deviations of the galvanometer increased with the 
electro-motive force of the battery up to a certain limit. 
When the electro-motive force was small, i*. e., when one or 
two elements were employed, the deviations were generally 
constant in one direction ; but when it was increased, the 
variations of direction became very capricious. 2nd, I com- 
pared the true discharge from wires of 1, 8, and 16 miles in 
length, insulated at their ends, ^vith the apparent discharge 
from the same wires in connexion with the earth. The fol- 
lowing Table shows the results : — 
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No. of Elements 
of the Battery. 


One Mile. 


Eight Miles. 


Sixteen Miles. 




o 


o 


o 




True Discharge. 




32 




5 


10 ! 


04 




10 


20 


128 


2-6 


20 


41 


2oQ 


5 


41 


87 




Ajtparent Discharge. 




1 


90 70 

1 


25 

1 



While the true discharge increases with the length of the 
wire, the apparent discharge decreases ; the latter therefore 
cannot depend on an inductive action. It has been proved 
in section 13 that the discharge from a wire with its end in 
connexion with the earth is much less than that of the same 
wire disconnected from it ; but the above table shows that 
the apparent discharge from one mile of wire, when one cell 
of the battery is employed, is incomparably greater than the 
real discharge from the same wire when 32 or even 256 cells 
are brought into action. 

The real origin of these currents will become evident, if 
instead of momentarily depressing the dischargiDg-key, which 
is all that is necessary in experiments on the real discharge, 
the key be kept permanently depressed ; a series of changes 
will then be observed which will leave no doubt of the cause 
of the phenomena. In the following experiments a battery 
of 512 elements, the galvanometer (A), and the discharging- 
key (fig. t) were employed ; the copper pole of the battery 
was connected with the earth, the zinc pole to 1 ; one mile 
of wire 2/3 in the water-tank was connected with 2, the other 
end remaining insulated ; the binding-screw b of the galvano- 
meter was connected with 3, and the binding-screw a with 
another earth-wire diflFerent from that of the battery. The 
real discharge-current was ascertained to be 7°*2 towards the 
left. The insulated end of the mile of wire was then con- 
nected with the earth, 512 elements still continuing to be 
employed. Pressing the discharging-key and keeping it de- 
pressed for some time, a very strong deflection of the needle 



INPUCTIVE DISCHARGES OF SUBMARINE CABLES. 103 

of the galvanometer towards the left occurred, striking the 
pin at 90"; the needle then fell continuously, but occasion- 
ally with slight interruptions, towards O'', but very much more 
slowly than the needle left to itself would fall ; it took 28 
seconds, and then slowly deflected, with occasional jerks, 
towards the right, and acquired a permanent deviation of 36''. 
The key may be relieved so as to disconnect the wires 1 and 
2 from each other without completing the connexion with 
the battery ; if this be done before the inversion has taken 
place, that is before the needle has receded to 0°, on renew- 
ing the contact the needle will again move towards the left, 
showing that the effect has a certain permanence in the wire 
2 ; but if this contact be interrupted, and then restored after 
the deflection has taken place towards the right, the deflec- 
tion always remains on the right, provided the battery con- 
tact be not renewed. Similar experiments were tried with 
256, 128, 64, 32, 16, 8, 4, and 1 cells of the battery. The 
greater the number of cells the greater is the first deflection 
of the needle towards the left, and of longer continuance. 
With one cell the first deflection towards the left was 80°, it 
fell in a second or two to 0°, and afterwards attained a per- 
manent deflection of 15° towards the right. If the wire 2 
has been charged with a considerable number of cells, and 
a strong permanent deviation towards the right been at- 
tained, charging it with fewer cells, and then discharging it 
through the galvanometer, will occasion no deflection towards 
the left, the first effect from a few cells not being sufficient 
to overcome the second effect from a larger number. 

The following experiment places it beyond doubt that the 
inductive influence of the coils of the cable in the tank on 
each other had nothing to do with the effects in question. I 
substituted for the coiled mile of insulated wire in the tank 
four feet only of uncoiled wire ; the first deflection of the 
needle was 90° towards the left, which was followed by a 
permanent deflection of 65° towards the right; a similar ex- 
periment was made with a single cell with like results, the 
deflections only being less. 



104 CIRCUMSTANCES WHICH INFLUENCE THE 

The cause of these effects is the polarization of the plates 
or masses of metal connecting the ends of the wires with the 
earth. The first effect is produced by the polarization of the 
terminal which connects the telegraphic wire with the earth, 
the second by the polarization of the terminal which connects 
the galvanometer with the earth. When the wire is suffi- 
ciently long for the discharge-current from it to affect the 
galvanometer^ the first effect is a complex one, the discharge- 
current being added to the current of polarization. The 
electro-motive forces of the currents arising from polariza- 
tion can never exceed that of one or two cells of a voltaic 
battery; and as the strength of these currents diminishes 
with the length of the wire, they are not observable in long 
telegraphic lines unless very delicate indicating instruments 

be employed. 

15. The Magnetic Bheometer, 

The method, already described, of measuring inductive 
charges and discharges by the momentary deflections of the 
needle of a galvanometer requires the employment of bat- 
teries of considerable electro-motive force, or wires of great 
length, in order that the charge may be accumulated, or gal- 
vanometers of extreme multiplying power. It is desirable to 
have a means by which short lengths of wire may be con- 
veniently experimented upon, and I have employed with ad- 
vantage for this purpose Marianini's rheo-electrometer, or 
magnetic rheometer. A description of this instrument and 
the details of numerous experiments made with it to measure 
the momentary currents residting from the discharge of a 
Leyden jar will be found in ^^ Memorie di fisica sperimentale 
scritte dal Professore Marianini dopo il 1836.^' The instru- 
ment I employed was thus constructed : — Two yards of in- 
sulated copper wire, 1/1 20th of an inch in diameter, were 
coiled round a cylindrical bar of soft iron, three inches in 
length and one-eighth of an inch in diameter. This bar was 
fixed horizontally over a graduated circle at a right angle to 
the line joining its zero points ; at the centre of the bar there 
was an aperture to allow the free passage of a silk fibre, from 
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which was suspended an extremely delicate magnetic needle^ 
weighing less than half a grain. At the top of the glass cage 
the upper end of the fibre was attached to a pin^ which^ by 
means of an adjusting-screw^ might be raised or depressed 
without causing it to rotate^ in order to regulate the distance 
firom the needle to the electro-magnetic bar. The ends of 
the coil of wire were connected to binding-screws placed out- 
side the frame^ and the graduated circle with the bar was 
movable by means of a lever b (Plate XVII. fig. 3), placed 
beneath the frame^ in order that the zero point might be 
accurately brought to the magnetic meridian without moving 
the instrument bodily. Four small pins^ c, c, were fixed on 
the circle in the vicinity of the bar, in order to prevent the 
contact of the needle with the bar, which it would be other- 
wise sometimes difficult to disengage from each other. 

The mode of using this instrument is as follows: — ^The 
zero line of the scale is brought, by means of the lever, into 
the magnetic meridian ; if then the bar is entirely deprived 
of magnetism, the needle will place itself in that direction. 
On a discharge being made through the coils, the bar becomes 
magnetic in proportion to the amount of the discharge ; the 
two poles of the needle are attracted towards the two ends of 
the electro-magnet, causing an instantaneous deflection, and 
subsequently a permanent deviation, owing to the residual 
magnetism, to a less amount. To prepare the instrument 
for a fresh experiment the bar must be deprived of its mag* 
netism, which is easily effected in the following manner : — 
One of the poles of a very weak single cell of a voltaic bat- 
tery is to be attached to one of the binding-screws of the 
instrument, while the other pole is to be brought into succes- 
sive momentary contacts with the other binding-screw, the 
current being in the opposite direction to that which pro- 
duced the magnetism of the bar; each contact causes the 
approach of the needle towards zero, and when it has arrived 
at that point the magnetism of the bar is completely de- 
stroyed, but should the zero be overpassed the same operation 
must be repeated after inverting the current. 

o2 
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With this instrument the following experiments^ among 
others^ were made : — 

A Leyden jar^ having 380 square inches of tin-foil surface^ 
was charged by a Darnell's battery of 512 elements. On dis- 
charging the jar, the rheo-electrometer showed 10° instanta- 
neous and 4° permanent deflection. 

One hundred yards of the standard wire, coated with gutta- 
percha and immersed in water, were charged by a battery of 
60 elements; when the discharge was made through the 
rheo-electrometer, a deflection of several degrees was shown. 
In this case the discharge-current could not be detected by 
any of the galvanometers employed in the course of these 
investigations, except the suspension galvanometer (F) with 
80,500 coils employed in Mr. Bartholomew's experiments. 

The permanent deflection occasioned by the discharge from 
one mile of the standard insulated wire when charged by 144 
cells of the battery was 8°'25. 

16. Means of accumulating the effects of Charges and 

Discharges. 

The deflection of the needle of a galvanometer increases 
with the number of discharges in a given time so long as the 
time of a single discharge is less than that of a single con- 
tact ; when a greater rapidity is attained, the deflection re- 
mains constant, for then, although each charge or discharge 
occupies a less time, there is a greater number in the same 
time, and these two circumstances compensate each other. 
A succession of instantaneous currents, therefore, produces a 
permanent deviation of the needle of a galvanometer as a 
continuous current does, provided that the above condition 
be fulfilled, and that they follow each other so rapidly tha 
the needle has not time to fall in the intervals between 
them. 

It is therefore possible to accumulate the effects of a suc- 
cession of charges or discharges, and to produce a very con- 
siderable deviation of the needle of a galvanometer, when a 
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single charge or discharge would scarcely produce any appre- 
ciable motion. For this purpose I have constructed an in- 
strument which I call the accumulating discharger, which 
will also be found useful for a great variety of other expe- 
riments. 

Fig. 4 (Plate XVII.), A, B, is a mahogany board ; C and D, 
two brass pillars which support an insulating plate of ebonite, 
in which are fixed six brass binding-screws (1, 2, 3, 4, 5, 6). 
A vertical axis carries a small fly-wheel E, a pulley F, and at 
its upper end a circular disk, at the circumference of which 
are attached two ebonite links, G, H, freely moving round 
their common axis ; the other ends of these links are attached 
respectively to two brass arms, which have the pins of the 
binding-screws 2 and 5 for their axes, and each carries a cross 
piece terminating with springs, which, during the motion of 
the instrument, press alternately against the binding-screws 
1 and 3, and 4 and 6. The distances of the springs and pins 
are so adjusted that each contact lasts during one-fourth of 
a revolution of the eccentric. A catgut band connects the 
pulley F with the multiplying wheel K, which is provided 
with a handle for the purpose of setting it in motion. When 
this wheel is turned, the eccentric is caused to revolve rapidly, 
and, in consequence of the arrangements above described, the 
binding-screws 2 and 5 are brought alternately, in rapid suc- 
cession, in metallic contact, the former with the binding- 
screws 1 and 3, the latter with 4 and 6. 

With this instrument, as constructed, it is easy to make 
68 double contacts in a second; by employing extra multi- 
plying wheels, a far greater number may be obtained ; and, 
if needful, mechanism with a maintaining power may be em- 
ployed to regidarize the motion. 

By connecting, in various manners, the poles of the battery, 
the wires to be experimented upon, the earth, and the galva- 
nometers, or other measuring instruments, with the binding- 
screws of this apparatus, it may be disposed for obtaining a 
variety of diflFerent results, some of which I will briefly enu- 
merate. 
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1. To accumulate the charges of a wire. 




Connect 1 with the earth, 2 with the insulated wire to be 
charged, 3 with the galvanometer, which is then to be con- 
nected with one of the poles of the battery, the other pro- 
ceeding to the earth. The instrument being put in motion, 
when the arm connects 2 and 3, the wire becomes charged, 
and the needle of the galvanometer is acted upon by the 
electricity in motion ; when it connects 2 and 1, the electri- 
city in the wire is discharged to the earth without acting on 
the galvanometer. The wire is thus alternately charged and 
discharged, but the accumulated charges only act on the gal- 
vanometer. 

If the earth wire be removed from 1, and the time of 
charging is less than the duration of a single contact, as is 
generally the case, no eflFect is produced on the galvanometer, 
except from the first contact, because the wire afterwards 
remains permanently charged. 

2. To accumulate the discharges of a wire. 



{ 




i 




Connect the insulated wire with 2; interpose the galvano- 
meter between the earth and 1, and the battery between the 
earth and 3. The contacts with 3 charge the wire, and the 
alternate contacts with 1 discharge it. The galvanometer 
being placed between the earth and 1, is affected only by the 
accumulated discharges. 
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Witb the short wire galvanometer A and 512 cells, the 
following results were obtained : — 

Wire covered with Wray's compound, 170 yards 3° 

Wire with Hearder s covering, 440 yards 20° 

With the long wire galvanometer (D) and 512 cells, the 
accumulated discharges from two inches of gutta-percha 
covered wire, coated externally with tin-foil, were rendered 
evident. 

The following results were obtained with the nine experi- 
mental wires of diflferent diameters and gutta-percha coat- 
ings of different thicknesses. The measures were made with 
the torsion galvanometer (E), and two cells of the battery 
only were employed. Three readings were taken for each 

wire. 

2 4 8 



6 



12 



4-7 
4-7 
4-6 


70 
70 
70 


90 ; 

90 ! 
90 


3-2 
31 
81 


4-9 
4-9 
4-9 


7-0 
70 
70 

1 


20 
2-0 
20 


30 
80 
30 


4-5 
4*o 
4-5 



With the same measuring instrument no indication would 
have been obtained with a single discharge. 

Experiments were made to ascertain if, by this means, the 
discharge-currents could be rendered evident from one or 
two miles of wire, without any insulating covering, suspended 
freely in the air by means of the ordinary insulating posts of 
a telegraphic line. For these experiments the long wire gal- 
vanometer (D) was employed. With 512 cells of the battery, 
Mid two miles of wire, a slight tremor only of the needle was 
observed on a single discharge; but the intermitting dis- 
charger occasioned a permanent deflection of 75° ; this, how- 
ever, was by no means constant; repetitions at different 
times during the same afternoon gave 65°, 70°, 70 , and even 
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40°. There is not the same steadiness in these results as 
when a wire with an insulating covering, and immersed in 
water, is experimented upon. Similar experiments, both 
with two miles and one mile of wire, were made, employing 
diflFerent battery powers ; but with the same variable results. 
All the measures in the following table were obtained within 
four hours in the same day : — 

Number of Cells op the Battery. 
612 128 64 32 



2 miles 



1 mile 



40 


13 


16 




76 


32 


10 




65 


40 






70 








70 
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28 


11 
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00 




9 




05 




10 




65 




7 




05 








70 









The accumulated discharges from one mile of gutta-percha 
covered wire immersed in water, when 64 cells of the battery 
were employed, gave 65° with the same galvanometer. 

During these experiments trials were made of the insula- 
tion of the aerial wire. The insulation for dynamic electri- 
city measured by the same galvanometer employed for the 
discharges was very variable; the escape would sometimes 
be nilj and after the lapse of some time would attain to 72° 
when 512 cells of the battery were in action*. This amount 
of loss would vitiate any result obtained by repeatedly charging 
the wire, for the rapidly reiterated contacts of the battery 
with the wire produce an eflFect similar to that of a perma- 
nent contact, and the needle of the galvanometer would be 
affected by the current arising from the escape of electricity 

* It must be observed that the galvanometer employed in these ex- 
periments was one of extreme sensibility, and that this amount of escape 
would be insensible with the instruments ordinarily employed in telegra- 
phic communication. 
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along the wire ; it would be difficult therefore to distinguish, 
in this case^ what portion of the efifect should be attributed 
to the current arising from imperfect insulation^ and what to 
the current produced by the charges. But with repeated 
discharges the case is different^ the action on the galvano- 
meter is then entirely due to the discharges of the electri- 
city retained in the wire after contact with the battery has 
ceased. 

The state of insulation for static electricity of the aerial 
wire was also ascertained during these experiments. The 
tension of the battery of 512 cells was shown by a Peltier^s 
electrometer to be 58°. When two miles of the wire were 
connected with the battery the same tension was maintained. 
On removing the battery from the wire and electrometer, the 
index of the latter fell immediately to 42°, and after the 
lapse of two minutes to 4Kf ; this experiment was repeated 
with nearly the same result. 

3. To accumulate the charges and discharges of the wire 
separately at the same time. 




Connect the insulated wire with 2 ; interpose a galvano- 
meter between the battery and 3, and another similar one 
between the earth and I. 

4. Effect of the alternate charging and discharging of a 
wire upon the needle of a galvanometer. 




9 M I 

Connect the earth with 1 ; interpose the galvanometer 
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between 2 and the insulated wire ; and connect 3 with one 
pole of the battery, the other proceeding to the earth. 

If the charges Mid discharges be of equal intensity, we 
might expect that the rapid succession of the currents in 
opposite directions occasioned thereby would produce no 
change in the position of the needle of a galvanometer ; and 
such is the case when either current separately deviates the 
needle only a few degrees. But a very anomalous effect takes 
place when the current is stronger. The needle then assumes 
indiffo'ently a permanent position on either side the zero 
point; thus with a battery of 512 cells, a wire one mile in 
length, and the short wire galvanometer (A) this deflection 
was 75°. It will soon be perceived that the direction of the 
deflection is determined by the initial impulse. The cause 
of this singular efiect is not difficult to explain. When the 
needle of the galvanometer is parallel to the coil, currents in 
either direction act with equal energy, though in opposite 
directions, on the needle; but when the needle is in any 
other position, the currents in opposite directions act with 
unequal energy upon it, and the effect is the same as if it 
were influenced by two series of alternating currents of dif- 
ferent intensities. 

I had formerly observed a similar effect in experimenting 
with BecquereVs differential galvanometer ; this instrument 
is provided with two intermingled coils, each of which trans- 
mits a current in the opposite direction. The differential 
arrangement of an ordinary galvanometer, which I have de- 
scribed in my memoir on '^ New Instruments and Processes 
for determining the Constants of a Voltaic Circuit''*, is, 
however, firee from this defect ; the neutralization is in that 
arrangement effected in the coil itself, and all action on the 
needle is prevented ; whereas in the other two instances the 
needle is influenced, either successively or simultaneously, by 
two actions in opposite directions. 

In the preceding cases, where the wire is charged by one 
of the poles of the battery only, no more than three of the 

* Philosophical TraneactioDS, 1843, Part H. [vid. wipr, p. 97]. 
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binding-screws are employed ; were the use of the instrument 
limited to these experiments the other three binding-screws, 
with the parts in connexion with them^ might be dispensed 
with. But some very useful and interesting information may 
be obtained by charging the wire simultaneously by the two 
poles of the battery ; and then it will be requisite to bring 
more of the binding-screws into use. I will briefly indicate 
a few of these applications. 

5. Currents produced by discharge from one or both ends 
of the wire after its separation from the battery. 




Connect the battery poles with 3 and 6, the insulated wire 
to 2 and 5, and interpose the galvanometer between the 
earth and either 1 or 4 ; or galvanometers may be interposed 
between both. 

This experiment must be made with a very long wire. 
The contact of the battery poles with the two ends of the 
wire give rise to discharge-currents in the same direction 
with respect to the wire ; the severance of the wire from the 
two poles of the battery, and its subsequent contact with the 
earth wires, give rise to return discharge-currents. 

6. To ascertain what portion of its charge one charged 
wire communicates to another. 




One of the poles of the battery being in communication 
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with the earth, the other is to be connected with 1 ; the wire 
to be first charged is to be connected with 2, the two ends of 
the wire to be secondarily charged with 3 and 5, and the 
galyanometer is to be interposed between the earth and 4. 
A wire coated with any insulating material may in this 
manner have its charge divided with an equal wire, or with 
one the inductive conditions of which are different. By em- 
ploying copper wires of the same lengths and diameters, the 
relative specific inductive capacities of different insulating 
materials may be determined. 

7. To obtain an intermitting current from the accumu- 
lated discharges of a Leyden jar or condenser. 




Connect one pole of the battery with 1 and the other with 
4; the Leyden jar must be insulated, and a wire must con- 
nect its inner coating with 2, whilst another wire must unite 
its outer coating with 5 ; the galvanometer must be inter* 
posed in a wire uniting 3 and 6. 

8. The accumulated discharges from a Leyden jar may be 
converted into an intermitting current, even when one of the 
poles of the battery commimicates with the earth. The fol- 
lowing is the arrangement for efifecting this purpose : — 




Literpose the battery between the earth and 1 ; let a wire 
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proceed from 2 to the inner coating of the jar, while the 
outer coating communicates with the earth and 3 ; the gal- 
vanometer must be interposed between 3 and the earth. 

The '^ accumulating discharger ^' was completed and used 
in April 1860. Mr. Latimer Clark^s " inductometer '' de- 
scribed in the ' Engineer ' of September 28th, 1860, which 
resembles this instrument in many respects, and was sug- 
gested by it, was not made by the Messrs. Elliots until the 
beginning of September 1860. 

Mr. Siemens has also constructed a self-acting instrument 
for obtaining a rapid succession of charges and discharges, 
which he exhibited at the meeting of the British Associa- 
tion at Oxford in July 1860. 

Though I was unaware of the fact at the time, an instru- 
ment for accumulating discharges for a special purpose (the 
same as that described in paragraph 7), was inyented in 1849 
by M. Guillemin*; and this gentleman has recently applied 
the same principle to measure the accumulated discharges 
from short lengths of coated telegraphic wires, covered ex- 
ternally with tin-foil f. To M. Guillemin, therefore, the 
priority of this useful method must be conceded. 

* '^ Courant dans une pile isol^e et sans communication entre les deux 
poles," Comptes Rendus de TAcad^mie des Sciences, Nov. 12, J 840. 
t Comptes Rendus, Oct. 8, 18C0. 
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Description of the Telegraph Thermometer. 

[From the < Report of the British Association/ 1843, pp. 128, 129.] 

The Telegraph Thermometer, which is intended to be carried 
up by the balloon, weighs, with its case, about four pounds. 
It is thus constructed : — The movement of a small clock 
causes a vertical rack to ascend and descend regularly in six 
minutes, three minutes being occupied in the ascent and 
three in the descent. The rack carries a fine platina wire, 
which moves within the tube of a thermometer ; the extent 
of motion of this wire corresponds with 28° of the thermo- 
metric scale, but it is capable of adjustment so that it may 
pass over any 28° of the range. Two very fine copper wires, 
covered with silk, and of sufficient length to reach from the 
ground to the balloon when at its greatest elevation, are 
connected with the instrument in the following manner : — 
The extremity of one wire is connected with the mercury in 
the bulb of the thermometer, and that of the other wire with 
the frame of the clock, which is in metallic continuity with 
the platina wire. On the ground the lower extremities are 
united together ; in the wire whose opposite end is connected 
with the mercury in the thermometer, a sensible galvano- 
meter is interposed, and in the course of the other wire a 
single, very small voltaic element is introduced. The galva- 
nometer having been properly adjusted to its zero point, it 
will remain so during the time that the platina wire is not in 
contact with the mercury in the tube j but the needle will 
deviate as soon as the contact takes place, and will remain 
deflected until contact is again broken during the ascent of 
the rack. During each half-second of time, corresponding 
with the beats of the clock, the wire moves through the 
360th part of its range, and a different point of the range 
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consequently corresponds with a different beat or half -second 
of each alternate three minutes. If, therefore, an observer 
below be furnished with a clironometer timed to coincide 
with the clock in the balloon above, and note at what instant 
the needle of the galvanometer is deflected, he may infer 
from that observation the temperature indicated by the ther- 
mometer in the balloon ; for according to the different ex- 
pansion of the mercury in the thermometer the contact ia 
broken at a different half-second. Should the rates of the 
two time-pieces not exactly correspond at the conclusion of 
a series of observations, the results will not be vitiated, as a 
correction may be easily made. 

It is intended to add to this apparatus a wet-bulb thermo- 
meter j this will involve only the addition of another platina 
wire to the rack, and of another insulated wire, reaching 
from the balloon to the earth, with its interposed galvano- 
meter. 

For other meteorological instruments, the indications of 
which are to be transmitted to a distance, I occasionally 
employ the agency of electro-magnetism to ring a bell, to 
mark with a type or pencil, &c. ; but for the purpose in 
question such methods cannot be so conveniently employed 
as the deflection of the needle of a galvanometer, on account 
of the necessity of having the long conducting wire extremely 
fine in order to avoid adding too much to the weight of the 
balloon. If the electro-motive force of the rheomotor were 
increased, which it would be necessary to do were stronger 
currents required, sparks would occur at the surface of con- 
tact of the mercury, which would produce injurious effects. 
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On a New Telegraphic Thermometer^ and on the Appli- 
cation of the Principle of its construction to other 
Meteorological Indicators. 

[From the 'Report of the British Association/ 1867, pp. 11-13.] 

The telegraphic thermometer which I constructed in 1843, 
and which is described in the Report of the Thirteenth Meet- 
ing of the British Association \yid. supr. p. 206], depended 
on the simultaneous action of two isochronous chronometer 
or clock movements — one at the remote station regulating 
the motion of a plunger in the bore of a thermometer, and 
the other at the near or observing station, marking, by the 
motion of the needle of a galvanometer, the moment at which 
the contact of the plimger with the mercury of the distant 
thermometer completed or broke the circuit. The clock 
movements required to be periodically wound up, and there- 
fore the affected instrument could not be left to itself for an 
indefinite time. 

There are, however, many situations in which it might be 
desirable to have meteorologic indications when the instru- 
ments would not be accessible for very long periods. I have 
therefore devised a new class of telegraphic meteorometers 
which shall be independent of clockwork, and may remain 
in any situation of difficult access as long as the instrument 
endures. This principle is applicable to all instruments 
which indicate by means of a revolving hand, and I have 
already devised its application to a Breguet's metallic ther- 
mometer, an aneroid barometer, and an hygrometer, depend- 
ing on the absorption of moisture by a thin membrane. It 
is also applicable to a bar-magnet in a fixed position, and to 
a variety of other indicators. 

The apparatus consists of two distinct instruments, con- 
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nected only by telegraphic wires : the first I will call the 
questioner (A) ; the second, the responder (B). 

The questioner (A) is a rectangular box presenting exter- 
nally a circular dial face, round which are engraved the 
degrees both of the Fahrenheit and Centigrade thermometric 
scales — the former ranging from 20° below zero F. to 220^ 
above that point, and the latter from 0° to 110° C. It shows 
besides three binding-screws for the purpose of connecting 
the telegraphic wires, and a handle which causes the rotation 
of the armature of a magnetomotor in the interior. This 
magnetomotor is similar in its construction to that employed 
in my alphabetic magnetic telegraph ; a soft iron armature 
rotating before the four poles of the magnet occasions, when 
the circuit is completed, alternate currents of equal intensity. 
The box also contains a small electromagnet which acts by 
means of mechanism similar to that employed in the indi- 
cator of the aforesaid telegraph, and causes the revolution of 
the index of the dial. 

The responder (B) is a cylindrical brass box which pre- 
sents on its upper surface a similar dial with its thermo- 
metric scales and index ; at its base three binding-screws, 
corresponding to those of the questioner, arc fixed for con- 
necting the telegraphic wires, and it is furnished with a brass 
cover that it may be hermetically scaled when lowered in the 
sea or buried in the ground. Its interior contains three 
essentially distinct parts : — 1. The metallic thermometer, 
which consists of a spiral ribbon of two dissimilar metals, 
with its hand capable of ranging through the extent of the 
circular thermometric scale of the dial. 2. A small electro- 
magnet, acting by means of a propelraent on a disk, making 
as many stops in one rotation as there are half-degrees on 
the scale. 3. An axis, to which is fixed a delicate spiral 
spring which causes a pin to bear lightly against the hand of 
the thermometer, however it may vary in position. 

The two instruments are connected by means of two tele- 
graphic wires. The first proceeds from an earth-plate at the 
near station, passes through the coil of the electromotor in 
A, joins the coil of the small electromagnet in B, and then 

p 
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proceeds to another earth-plate at the distant station. The 
second wire is permanently connected with the first between 
the earth-plate and the coil of the magnetomotor, and in- 
cludes that of the electromagnet in B, and its opposite end 
is brought close to the remote end of the first wire. The 
mechanism is so disposed that when the first wire is discon- 
nected from its earth terminal it is brought into circuit with 
the second wire. 

By this arrangement, when the dial of A is brought to 0^ 
and the handle turned, at the first moment the circuit is 
completed through the first wire, containing the coil of the 
electromagnet in B, and the return earth. A disk is thereby 
caused to revolve in an opposite direction to the graduation 
of the scale, until a pin, originally starting from 0°, comes 
into contact with the pin pressing against the thermometer 
hand, and thereby completes the circuit of the second wire 
and breaks the connexion with the earth-plate. At first only 
the electromagnet in B is acted upon, but when the currents 
are diverted into the new channel, both the electromagnets 
act simultaneously. In consequence of the action of the 
electromagnet in A the hand of its dial passes over a space 
corresponding with that between 0° and that indicated by 
the thermometer, and the hand of the dial ultimately accords 
with that of the distant thermometer. When the hand of 
the dial on A comes to rest, the disk in B arrives at 0°, and 
a catch permits the spiral spring to unwind itself, and its pin 
flies to and presses against the thermometer hand. 

It must be observed that instruments thus constructed are 
not capable of marking every possible gradation ; but they 
may be made to indicate divisions of the scale of any required 
minuteness. It is advisable to limit the extent of the scale 
when more minute divisions are deemed necessary. 

The only circumstance that can affect the accuracy of the 
indications of the instrument is this. The pin pressing 
against the thermometric index displaces it a little, and 
causes it to assume a position about a degree in advance • 
but as this pressure is a constant one, the inconvenience is 
remedied by a slight corresponding shifting of the scale. 
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On the Augmentation of the Power of a Magnet by 
the reaction thereon of Currents induced by the 
Magnet itself 

[From the 'Proceedings of the Royal Society/ vol. xv. pp. 309-372.] 

The magneto-electric machines which have been hitherto 
described arc actuated either by a permanent magnet or by 
an electro-maguct deriving its power from a rheomotor placed 
in the circuit of its coil. In the present note I intend to 
show that an electro-magnet, if it possess at the commence- 
ment the slightest polarity, may become a powerful magnet by 
the gradually augmenting currents which itself originates. 

The following is a description of the form and dimensions 
of the electro-magnet I have employed. The construction, 
it will be seen, is the same as that of the electro-magnetic 
part of Mr. Wilde's machine. 

The core of the electro-magnet, is formed of a plate of soft 
iron 15 inches in length and ^ an inch in breadth, bent at 
the middle of its length into a horseshoe form. Round it is 
coiled, in the direction of its breadth, 640 feet of insulated 
copper wire ^ of an inch in diameter. The armature, which 
is according to Siemens's ingenious construction, consists of 
a rotating cylinder of soft iron 8^ inches in length, grooved 
at two opposite sides so as to allow the wire to be coiled 
upon it longitudinally ; the length of the wire thus coiled is 
80 feet, and its diameter is the same as that of the electro- 
magnet coil. 

When this electro-magnet is excited by any rheomotor the 
current from which is in a constant direction, during the 
rotation of the armature currents are generated in its coil 
during each semirevolution which are alternately in opposite 
directions ; these alternate currents may be transmitted un- 
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changed to another part of the circuit, or by means of a 
rheotrope be converted to the same direction. 

If now, while the circuit of the armature remains com- 
pleted, the rheomotor be removed from the electro-magnet, 
on causing the armature to revolve, however rapidly, it will 
be found by the interposition of a galvanometer, or any other 
test, that but very slight effects take place. Though these 
effects become stronger in proportion to the residual mag- 
netism left in the electro-magnet from the previous action of 
a current, they never attain any considerable amount. 

But if the wires of the two circuits be so joined as to form 
a single circuit, in which the currents generated by the 
armature, after being changed to the same direction, act so 
as to increase the existing polarity of the electro-magnet, 
very different results will be obtained. The force required 
to move the machine will be far greater, showing a great 
increase of magnetic power in the horseshoe; and the ex- 
istence of an energetic current in the wire is shown by its 
action on a galvanometer, by its heating 4 inches of platinum 
wire "0067 in diameter, by its making a powerful electro- 
magnet, by its decomposing water, and by other tests. 

The explanation of these facts is as follows : — The electro- 
magnet always retains a slight residual magnetism, and is 
therefore in the condition of a weak permanent magnet ; the 
motion of the armature occasions feeble currents in alternate 
directions in the coils thereof, which) after being reduced to 
the same direction, pass into the coil of the electro-magnet 
in such manner as to increase; the magnetism of the iron 
core; the magnet having thus received an accession of 
strength, produces in its turn more energetic currents in the 
coil of the armature ; and these alternate actions continue 
until a maximum is attained, depending on the rapidity of 
the motion and the capacity of the electro-magnet. 

If the two coils be connected in such manner that the rec- 
tified current from the coil of the armature passes into the 
coil of the electro-magnet in the direction which would im- 
part a contrary magnetism to the iron core, no current is 
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produced, and consequently there is no augmentation of 
magnetism. 

It is easy to prove that the residual magnetism of the 
electro-magnet is the determining cause of these powerful 
eflTects. For this purpose it is suflftcient to pass a current 
from a voltaic battery, a magneto-electric machine, or any 
other rheomotor, into the coil of the electro-magnet in either 
direction, and it will invariably be found that the direction 
of the current, however powerful it may eventually become, 
is in accordance with the polarity of the magnetism impressed 
on the iron core. 

If, instead of the currents in the coil of the rotating arma- 
ture being reduced to the same uniform direction, they retain 
their alternations, no cflfects, or at most very small differen- 
tial ones, are produced, as no accumulation of magnetism 
then takes place. 

I will now call attention to the fact that stronger effects 
are produced at the first momeut of completing the com- 
bined circuit than afterwards. The machine having been 
put in motion, at the first moment of completing the circuit 
4 inches of platina wire were made red-hot, but immediately 
afterwards the glow disappeared, and only about one inch of 
the wire could be permanently kept at a red heat. This 
diminution of effect was accompanied by a great increase of 
the resistance of the machine. The cause of the momentary 
strong effect was, that the machine from its acquired mo- 
mentum continued its motion for a few seconds, though it 
required a stronger force than could be applied to maintain 
that motion. Each time the circuit is broken and recom- 
pleted the same effect recurs. 

On bringing the primary coil of an inductorium (Ruhm- 
korff^s coil) into the circuit formed by connecting the coils 
of the electro-magnet and rotating armature, no spark occurs 
in the secondary coil. On account of the great resistance of 
the circuit, which now also includes the primary coil of the 
inductorium, the current is not in sufficient quantity to pro- 
duce any noticeable inductive effect. 

[Reducing, however, the resistance of the wire of the 
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electro-magnet, by uniting the four coils into a single one, a 
spark of considerable length may be obtained in the secon- 
dary wire of the inductorinm, without the interposition of 
the cross wire. — Added by the Author after pMication in 
Proc. Roy. Soc,'] 

A very remarkable increase of all the effects, accompanied 
by a diminution in the resistance of the machine, is observed 
when a cross wire is placed so as to divert a great portion of 
the current from the electro-magnet. The four inches of 
platinum wire, instead of flashing into redness and then dis- 
appearing, remains permanently ignited. The inductorium, 
which before gave no spark, now gave one a quarter of an 
inch in length; water was more abundantly decomposed; 
and all the other effects were similarly increased. 

I account for this augmentation of the effects in the fol- 
lowing way : — 

Though so much of the current is diverted from the electro- 
magnet by the cross wire, the magnetic effect still continues 
to accumulate, though not to so high a degree; but the 
current generated by the armature, passing through the short 
circuit formed by the armature-branch and cross wire, expe- 
riences a far less resistance than if it had passed through the 
armature and electro-magnet branches; and though the 
electromotive force is less, the resistance having been ren- 
dered less in a much greater proportion, the resultant effect 
is greater. 

I must observe that a certain amount of resistance in the 
cross wire is necessary to produce the maximum effect. If 
the resistance be too small, the electro-magnet does not 
acquire sufficient magnetism ; and if it be too great, though 
the magnetism becomes stronger, the increase of resistance 
more than counterbalances its effect. 

But the effects already described are far inferior to those 
obtained by causing them to take place in the cross wire 
itself. With the same application of force, 7 inches of pla- 
tinum wire were made red hot, and sparks were elicited in 
the inductorium 2^ inches in length. 

The force of two men was employed in these, as well as in 
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the other experiments. When the interrupter of the primary 
coil was fixed, the machine was much easier to move than 
when it acted. For when the interrupter acted, at each 
moment of interruption the cross wire being, as it were, 
removed, the whole of the current passed through the electro- 
magnet, and consequently a greater amount of magnetic 
energy was excited, while in the intervals during which the 
cross wire was complete the current passed mainly through 
the primary coil. 

The effects are much less influenced bv a resistance in the 
electro-magnet branch than in cither of the other branches. 

To reduce the length of the spark in the inductorium (the 
primary coil of which was placed in the cross wire) to J of 
an inch, it required the resistance of 5^ inches of the fine 
platinum wire in the cross wire, 5 inches in the armature- 
branch, or* 4 feet in the electro-magnet branch. 

When there was no extra resistance in either of the 
branches, the length of the cross wire being only about a 
few feet, the intensity of the current in the electro- magnet 
branch, compared with that in the cross wire, was as 1 : 60 ; 
and when the resistance of the primary coil of the inducto- 
rium was interposed in the cross wire, the relative intensities 
were as 1 : 42. 

In conclusion I will mention that there is an evident ana- 
logy between the augmentation of the power of a weak 
magnet by means of an inductive action produced by itself, 
and that accumulation of power shown in the static electric 
machines of Holtz and others which have recently excited 
considerable attentioB, in which a very small quantity of 
electricity directly excited is, by a series of iuductive actions, 
augmented so as to equal, and even exceed, the effects of the 
most powerful machines of the ordinary construction. 

• [" and " in Proc. Rov. Soc. ; altered to " or '' by the author after 
publication.] 
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On a cause of Error in Electroscopic Experiments. 

[From the 'Proceedings of the Royal Society/ vol. xviii. pp. 330-333.] 

To arrive at accurate conclusions from the indications of an 
electroscope or electrometer, it is necessary to be aware of 
all the sources of error which may occasion these indications 
to be misinterpreted.* 

In the course of some experiments on electrical conduc- 
tion and induction which I have recently resumed, I was 
frequently delayed by what at first appeared to be very 
puzzling results. Occasionally I found that I could not dis- 
charge the electrometer with my finger, or only to a certain 
degree, and that it was necessary, before commencing another 
experiment, to place myself in communication with a gas- 
pipe which entered the room. How I became charged I 
could not at that time explain ; the following chain of obser- 
vations and experiments, however, soon led me to the true 
solution. 

I was sitting at a table not far from the fireplace with the 
electrometer (one of Peltier^s construction) before me, and 
was engaged in experimenting with disks of various sub- 
stances. To ensure that the one I had in hand, which was 
of tortoiseshell, should be perfectly dry, I rose and held it 
for a minute before the fire ; returning and placing it on the 
plate of the electrometer, I was surprised to find that it had 
apparently acquired a strong charge, deflecting the index of 
the electrometer beyond 90°. I found that the same thing 
took place with every disk I thus presented to the fire, 
whether of metal or any other substance. My first impres- 
sion was that the disk had been rendered electrical by heat, 
though it would have been extraordinary that, if so, such a 
result had not been observed before ; but on placing it in 
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contact with a vessel of boiling water, or heating it by a gas- 
lamp, no such eflTect was produced. I next conjectured that 
the phenomenon might arise from a diflFerence in the elec- 
trical state of the air in the room and that at the top of the 
chimney ; and to put this to the proof, I adjourned to the 
adjacent room where there was no fire, and bringing my disk 
to the fireplace I obtained precisely the same result. That 
this conjecture, however, was not tenable was soon evident, 
because I was able to produce the same deviation of the 
needle of the electrometer by bringing my disk near any part 
of the wall of the room. This seemed to indicate that dif- 
ferent parts of the room were in different electrical states ; 
but this again was disproved by finding that when the posi- 
tion of the electrometer and the place where the disk was 
supposed to be charged were interchanged, tlie charge of the 
electrometer was still always negative. The last resource 
was to assume that my body had become charged by walking 
across the carpeted room, though the effect was produced 
even by the most careful treading. This ultimately proved 
to be the case; for resuming my seat at the table and 
scraping my foot on the rug, I was able at will to move the 
index to its greatest extent. 

Before I proceed further I may state that a gold-leaf elec- 
trometer shows the phenomena as readily. 
. When I first observed these effects the weather was frosty ; 
but they present themselves, as I have subsequently found, 
almost equally well in all states of the weather, provided the 
room be perfectly dry. 

I will now proceed to state the conditions which are neces- 
sary for the complete success of the experiments, and the 
absence of which has prevented them from being hitherto 
observed in the striking manner in which they have appeared 
to me. 

The most essential condition appears to . be that the boot 
or shoe of the experimenter must have a thin sole and be 
perfectly dry ; a surface polished by wear seems to augment 
the effect. By rubbing the sole of the boot against the carpet 
or rug, the electricities are separated, the carpet assumes the 
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positive state and the sole the negative state; the former 
being a tolerable insulator, prevents the positive electricity 
from running away to the earth, while the sole of the foot, 
being a much better conductor, readily allows the charge of 
negative electricity to pass into the body. 

So effective is the excitation, that if three persons hold 
each other by the hands, and the first rubs the carpet with 
his foot while the third touches the plate of the electrometer 
with his finger, a strong charge is communicated to the 
instrument. 

Even approaching the electrometer by the hand or body, 
it becomes charged by induction at some distance. 

A stronger effect is produced on the index of the instru- 
ment if, after rubbing the foot against the carpet, it be 
immediately raised from it. When the two are in contact, 
the electricities are in some degree coerced or dissimulated ; 
but when they are separated, the whole of the negative elec- 
tricity becomes free and expands itself in the body. A single 
stamp on the carpet followed by an immediate removal of the 
foot causes the index of the electrometer to advance several 
degrees, and by a reiteration of such stamps the index ad- 
vances 30° or 40°. 

The opposite electrical states of the carpet and the sole of 
the boot were thus shown: after rubbing, I removed the 
boot from the carpet, and placed on the latter a proof-plate 
{i.e. a small disk of metal with an insulating handle), and 
then transferred it to the plate of the electrometer ; strong 
positive electricity was manifested. Performing the same 
operation with the sole of the boot a very small charge was 
carried, by reason of its ready escape into the body. 

The negative charge assumed by sole-leather when rubbed 
with animal hair was thus rendered evident. I placed on 
the plate of the electrometer a disk of sole-leather and brushed 
it lightly with a thick camel's-hair pencil ; a negative charge 
was communicated to the electrometer, which charge was 
principally one of conduction, on account of the very imper- 
fect insulating power of the leather. 

Various materials, as India-rubber, gutta percha, &c., 
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were substituted for the sole of the boot ; metal plates were 
also tried ; all commuuicated negative electricity to the body. 
Woollen stockings are a great impediment to the transmis- 
sion of electricity from the boot; when these experiments 
were made I wore cotton ones. 

AVhen I substituted for the electrometer a long wire gal- 
vanometer, such as is usually employed in physiological ex- 
periments, the needle was made to advance several decrees. 

At the Meeting of the British Association at Dublin in 
1857, Professor Loomis, of New York, attracted great atten- 
tion by his account of some remarkable electrical phenomena 
observed in certain houses in that city. It appears that in 
unusually cold and dry winters, in rooms provided with 
thick carpets and heated by stoves or hot-air apparatus to 
70°, electrical phenomena of great intensity are sometimes 
produced. A lady walking along a carpeted floor drew a 
spark one quarter of an inch in length between two metal 
balls, one attached to a gas-pipe, the other touched by her 
hand; she also fired ether, ignited a gaslight, charged a 
Leydcn jar, and repelled and attracted pith-balls similarly 
or dissimilarly electrified. Some of these statements were 
received with great incredulity at the time both here an3 
abroad, but they have since been abundantly confirmed by 
the Professor himself and by others. (See Silliman^s ' Ame- 
rican Journal of Science,' July 1858.) 

My experiments show that these phenomena are excep- 
tional only in degree. The striking effects observed by Pro- 
fessor Loomis were feeble unless the thermometer was below 
the freezing-point, and most energetic when near zero, the 
thermometer in the room standing at 70°. Those observed 
by myself succeed in almost any weather, when all the neces- 
sary conditions are fulfilled. Some of these conditions must 
frequently be present, and experimentalists cannot be too 
much on their guard against the occurrence of these ab- 
normal effects. I think I have done a service to them, espe- 
cially to those engaged in the delicate investigations of animal 
electricity, by drawing their attention to the subject. 
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Experimental Verification of Bernouillfs Theory of 

• Wind Instruments. 

[From the ' Report of tlie British Association/ 1835, p. 568.] 

Mr. Wheatstonk exhibited an experimental proof, which he 
had devised, of the following result of Bernouilli's theory of 
wind instruments : — that in the fundamental sound of a tube, 
open at both ends, the portions of air on opposite sides of the 
centre of the tube move in contrary directions to each other. 

It consisted of a leaden tube, about an inch in diameter 
and thirteen inches long, bent nearly into a circle, so that its 
two ends were near, and opposite to, each other. Between 
these ends was held a vibrating part of a square plate of 
glass, put into vibration either with a violin-bow or a hammer, 
so as to produce its lowest sound, corresponding with 
Chladni^s first figure. By this arrangement, the plate, ad- 
vancing in its vibration towards one end of the tube, and 
receding at the same instant from the other, the effects neu- 
tralize each other, and no resonance or augmentation of the 
original sound takes place. In the middle of the tube was a 
joint, which allowed each half to move independently round 
the axis of the tube; by this means the two ends were 
capable of being brought to the opposite sides of portions of 
the plate vibrating at the same moment on contrary sides of 
the neutral plane ; in this case, the impulses were made at 
the same instant towards both ends of the tube, and the 
augmentation of sound was very considerable. It is obvious 
that these efiects would be reversed were Bemouilli's theory 
wrong. 
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Bemarks on PurHnjes ExpcrimeHts. 

[From the 'Report of the British Association; 1835. pp. 551-AAB.] 

After the reading of Sir David Brewster's paper, Mr. 
Wheatstone said, that having been the first person to intro- 
duce Purkinje's beautiful experiment into this country, a!\d 
having repeated it a great number of times under a variety 
of forms, he would take the opportunity of stating a few par- 
ticulars respecting it, which appeared not to Ik* generally 
known. — The experiment succeeds best in a dark room, 
when, one eye being excluded from the light, the flame of a 
candle is placed by the side of the unshaded eye, but bo as 
not to occupy any of the central part of the field of view. 
So long as the flame of the candle remains stationary, 
nothing further occurs than a diminution of the sensibility 
of the retina to light ; but after the flame has be(»n moved 
upwards and downwards, through a small space, for a l(*ngth 
of time, varying with the susceptibility of the individual on 
whom the experiment is tried, the phenomenon prc;N(*ntii 
itself. The blood-vessels of the retina, with all their ramifi- 
cations, exactly as represented in the (jugravings of Sasm- 
merring, are distinctly seen, apparently proj(?et(Ml on a plaiuj 
before the eye, and greatly magnified. TIkj image eontinuoN 
only while the flame is in motion; directly, or Hoon after, 
the flame becomes stationary, it dissolves into fragments and 
disappears. 

Mr. Wheatstone dissented from the ingenious explanation 
of this appearance oftered by Sir David HrewMter, and aUo 
from that opinion, stated to Ixj the generally reeeivwl one; 
and begged to repeat the solution he had pubiiNhe^J, ami 
which he had not since been induced U) relinquiNh, Mr, W, 
observed, that there was no difficulty in a^x'ounting for the 
image ; it evidently was a shadow resulting from the oUtnjf> 
tion of light by the blood- vefiseis spread over tin; nrtifiA; i\u} 
real difficulty was to explain why tfaU sbiulow i« not always 
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visible. To account for this, Mr. W. adduced several facts, 
which tended to prove that an object, either more or less 
luminous than the ground on which it is placed, when continu- 
ously presented to the same point of the retina, becomes in- 
visible ; and the rapidity of its disappearance is greater as 
the difference of luminous intensity between the object and the 
ground is less; but by continually shifting the place of the image 
of the object on the retina, or by making it act intermittently 
on the same point, the object may be rendered permanently 
visible. To apply this cxplanatioa to the phenomenon in 
question, Mr. W. observed, that whenever the flame of the 
candle changes its place, the shadows of the vessels fall on 
different parts of the retina; which is evident from the 
motion of the figure while the eye remains still, which is 
always in a contrary direction to that of the flame. Hence 
the shadow, being thus made to change its place on the 
retina, remains, according to the law above stated, perma- 
nently visible; but instantly the flame is at rest, the shadow 
also becomes stationary, and consequently disappears. 

Mr. Wheatstone then exhibited an instrument for showing 
an original variation of this experiment : it consisted of a 
circular plate of metal, about two inehes in diameter, black- 
ened at its outer side, and perforated at its centre with an 
aperture about as large as an ordinary gun-hole ; to tlie inner 
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On the Prismatic Decomposition of Electrical Light 

[From the ' Report of the Britiah AwociatioD/ 1836, pp. 11, 12.] 

The following is a brief notice of the principal results stated 
in this communication: 1. The spectrum of the electro- 
magnetic spark taken from mercury consists of seven definite 
rays only, separated by dark intervals from each other ; these 
visible rays are two orange lines close together, a bright 
green line, two bluish-green, lines near each other, a very 
bright purple line, and lastly, a violet line. The observa- 
tions were made with a telescope furnished with a measuring 
apparatus ; and to ensure the appearance of the spark inva- 
riably in the same place, an appropriate modification of the 
electro-magnet was employed. 2. The spark taken in the 
same manner from zinc, cadmium, tin, bismuth, and lead, in 
the melted state, gives similar results ; but the number, po- 
sitioui and colours of the lines vary in each case; the 
appearances are so different, that, by this mode of examina- 
tion, the metals may be readily distinguished from each other. 
A table accompanied the paper, showing the position and 
colour of the lines in the various metals used. The spectra 
of zinc and cadmium are characterized by the presence of a 
red line in each, which occurs in neither of the other metals. 
8. When the spark of a voltaic pile is taken froin the same 
metals still in the melted state, precisely the same appear- 
ances are presented. 4. The voltaic spark from mercury was 
taken successively, in the ordinary vacuum of the air-pump, 
in the Torricellian vacuum, in carbonic acid gas, &c., and 
the same results were obtained as when the experiment was 
performed in the air or in oxygen gas. The light, therefore, 
does not arise from the combustion of the metal. Professor 
Wheatstone also examined, by the prism, the light which 
accompanies the ordinary combustion of the metals in o: 
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gas and by other means^ and found the appearances totally 
dissimilar to the above. 5. Fraunhofer having found that 
the ordinary electric spark examined by a prism presented a 
spectrum crossed by numerous bright lines^ Professor Wheats 
stone examined the phenomena in different metals^ and found 
that these bright lines differ in number and position in every 
different metal employed. When the spark is taken between 
balls of dissimilar metals^ the lines appertaining to both are 
simultaneously seen. 6. The peculiar phenomena observed 
in the voltaic spark taken between different metallic wires 
connected with a powerful battery were then described^ and 
the paper concluded with a review of the various theories 
which have been advanced to explain the origin of electric 
light. Professor Wheatstone infers from his researches^ that 
electric light results from the volatilization and ignition (not 
combustion) of the ponderable matter of the conductor itself; 
a conclusion closeTy resembling that arrived at by Fusinieri 
from his experiments on the transport of ponderable matter 
in electric discharges. 



' 
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Contributions to the Physiology of Vision. — Part 
the First. ^^On some remarkable^ and hitherto 
unobserved^ Phenomena of Binocular Vision. 

[From tbe^' Philosophical TranaactioxMy' 1838.] 
[Plates XVm. k XIX.] 

§1. 

When an object is viewed at so great a distance that the 
optic axes of both eyes are sensibly parallel when directed 
towards it, the perspective projections of it, seen by each eye 
separately, are similar, and the appearance to the two eyes is 
precisely the same as when the object is seen by one eye only. 
There is, in such case, no difference between the visual ap- 
pearance of an object in relief and its perspective projection 
on a plane surface; and hence pictorial representations of 
distant objects, when those circumstances which would pre- 
vent or disturb the illusion are carefully excluded, may be 
rendered such perfect resemblances of the objects they are 
intended to represent as to be mistaken for them; the 
Diorama is an instance of this. But this similarity no longer 
exists when the object is placed so near the eyes that to view 
it the optic axes must convei^e: under these conditions a 
different perspective projection of it is seen by each eye, and 
these perspectives are more dissimilar as the convergence of 
the optic axes becomes greater. This fact may be easily 
verified by placing any figure of three dimensions, an outline 
cube for instance, at a moderate distance before the eyes, and . 
while the head is kept perfectly steady, viewing it with each/ 
eye successively while the other is closed.. Plate XIX. fig. 13 
represents the two perspective projections of a cube ; b is 
that seen by the right eye, and a that presented to the left 
eye^ the figure being supposed to be placed about seven 
indies immediately before the spectator. 

Q 
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The appearances, "wliicli are by this simple experiment ren- 
dered so obvious, may be easily inferred from the established 
laws of perspective ; for the same object in relief is, "when 
viewed by a different eye, seen from two points of sight at a 
distance from each other equal to the line joining the two 
eyes, j Yet they seem to have escaped the attention of every 
philosopher and artist who has treated of the subjects of 
vision and perspective. I can ascribe this inattention to a' 
phenomenon leading to the important and curious con- 
sequences, which will form the subject of the present com- 
munication, only to this circumstance — that the results being 
contrary to a principle which was very generally maintained * 
by optical writers, riz. that objects can be seen single only 
when their images fall on corresponding points of the two ^ 
retinae, Wn hypothesis which will be hereafter discussed, (if the 
consideration ever arose in their minds, it was hastily dis- 
carded under the conviction that if the pictures presented to 
the two eyes are under certain circumstances dissimilar, their 
differences must be so small that they need not be taken into 
account. 

It will now be obvious why it is impossible for the. artist 
to give a faithful representation of any near solid object, that 
is, to produce a painting which shall not be distinguished in 
the mind from the object itself. When the painting and the 
object are seen with both eyes, in the case of the painting 
two similar pictures are projected on the retinae,^in the case 
of the solid object the pictures are dissimilar; there is there- 
fore an essential difference between the impressions on the 
organs of sensation in the two cases, and consequently be- 
tween the perceptions formed in the mind; the painting 
therefore cannot be confounded with the solid object. 

After looking over the works of many authors who might 
be expected to have made some remarks relating to this sub- 
ject, I have been able to find but one, which' is in the ' Trat- 
tato della Pittura ^ of Leonardo da Vinci *. IThis great artist 

* See also a Treatise of Fainting, p. 178 (London, 1721) ; and Dr. 
Smith's ' Complete System of Optics/ voL ii. r. 244, where the passage is 
quoted. 



/ 




ON THE PHYSIOLOGY OF VISION. 227 

and ingenious philosopher observes, " that a painting, though 
conducted with the greatest art and finished to the last per- 
fection, both with regard to its contours, its lights, its 
shadows, and its colours, can never show a relievo equal to 
that of the natural objects, unless these be viewed at a dis- 
tance and with a single eye. For,'^ says he, " if an object C 
(Plate XVIII. fig. 1) be viewed by a single eye at A,.all obje; 
in the space l)ehind it, included as it were in a shadow E 
cast by a candle at A, are invisible to the eve at A : but m^ 
the other eye at B is opened, part of these objects become 
visible to it, those only being hid from both eyes that arc 
included, as it were, in the double shadow C D, cast by two 
lights at A and B, and terminated in D, the angular space 
E 1) G bcvond D beinjij always visible to both eyes. And 
the hidden space C D is so much the shorter as the object 
C is smaller aud nearer to the eyes. Thus the object C seen 
with both eyes becomes, as is were, transparent, according 
to the usual definition of a transparent thing — namely, that 
which hides nothing beyond it. But this cannot happen 
when an object, whose breadth is bigger than that of the 
pupil, is viewed by a single eye. The truth of this observa- 
tion is therefore evident, because a painted figure intercepts 
all the space behind its apparent place, so as to preclude the 
eyes from the sight of every part of the imaginary ground 
behind it.'^ 

Had Leonardo da Vinci taken, instead of a sphere, a less 
simple figure for the purpose of his illustration, a cube for 
instance, lie would not only have observed that the object 
obscured from each eye a different part of the more distant 
field of view, but the fact would also perhaps have forced 
itself upon his attention that the object itself presented a 
different appearance to each eye. He failed to do this, and 
no subsequent writer within my knowledge has supplied the 
omission ; the projection of two obviously dissimilar pictures 
on the two retinae when a single object is viewed, while the 
optic axes converge, must therefore be regarded as a new fact 
in the theory of vision. 

Q 2 
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§2. 

It being tlias established that the mind perceives an object 
of three dimensions by means of the two dissimilar pictures 
projected by it on the two rctinaj, the following question 
occurs: What would be the visual effect of simultaneously 
presenting to each eye, instead of the object itself, its pro- 

«on on a plane surface as it appears to that eye ? To 
"ue this inquiry it is necessary that means should be 
contrived to make the two pictures, which must necessarily 
occupy different places, fall on similar parts of both retime. 
Under the ordinary circumstances of vision the object is 
seen at the concourse of the optic axes, and its images con- 
sequently are projected on similar parts of the two retinae ; 
but it is also evident that two exactly similar objects may be 
made to fall on similar parts of the two retinae, if they are 
placed one in the direction of each optic axes, at equal dis- 
tances before or beyond their intersection. 

Fig. 2 represents the usual situation of an object at the 
intersection of the optic axes. In fig. 3 the similar objects 
are placed in the direction of the optic axes before their in- 
tersection, and in fig 4 beyond it. In all these three cases 
the mind perceives but a single object, and refers it to the 
place where the optic axes meet, . It will be observed that 
when the eyes converge beyond the objects, as in fig. 3, the 
right-hand object is seen by the right eye, and the left-hand 
object by the left eye ; while wheirthj^ axes converge nearer 
than the objects, the right-hand object is^en by the left eye, 
and conversely. As both of these modes of \ision are forced 
and unnatural, eyes unaccustomed to such experiments re- 
quire some artificial assistance. If the eyes are to converge 
beyond the objects, this may be afforded by a pair of tubes 
(fig. 5) capable of being inclined towards each other at 
various angles, so as to correspond with the different con- 
vergences of the optic axes. If the eyes are to converge at 
a nearer distance than that at which the objects are placed, a 
box (fig. 6) may be conveniently employed : the objects a d 
are placed distant from each other, on a stand capable of 
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being moved nearer the eyes if required, and the optic axes 
being directed towards them will cross at c, the aperture b H 
allowing the visual rays from the right-hand object to reach 
the left eye, and those from the left-hand object to fall on 
the right eye ; the coincidence of the images may be faci- 
litated by placing the point of a noedle at the point of inter- 
section of the optic axes c, and fixing the eyes upon it. In 
both these instruments (figs. 5 and 6) the lateral images 
are hidden from view, and much less difficulty occurs in 
making the images unite than when the naked eyes are em- 
ployed. 

Now if, instead of placing two exactly similar objects to 
be viewed by the eyes in either of the modes above described, 
the two perspective projections of the same solid object be so 
disposed, the mind will still perceive the object to be single, 
but instead of a representation on a plane surface, as each 
drawing appears to be when separately vdcwcd by that eye 
which is directed towards it, the observer will perceive a 
figure of three dimensions, the exact counterpart of the object 
from which the drawings were made. To make this matter 
dear I will mention one or two of the most simple cases. 

If two vertical lines near each other, but at difierent dis- 
tances from the spectator, be regarded first with one eye and 
then with the other, the distance between them when referred 
to the same plane will appear diflFcrent ; if the left-hand line 
be nearer to the eyes, the distance as seen by the left eye 
will be less than the distance as seen by the right eye : fig. 7 
will render this evident ; a a' are vertical sections of the two 
original lines, and h V the plane to which their projections 
are referred. Now if the two lines be drawn on two pieces 
of card, at the respective distances at which they appear to 
each eye, and these cards be afterwards viewed by either of 
the means above directed, the observer will no longer see two 
lines on a plane surface, as each card separately shows ; but 
two lines will appear, one nearer to him than the other, pre- 
cisely as the original vertical lines themselves. Again, if a 
straight wire be held before the eyes in such a position that 
one of its ends shall be nearer to the observer than the other 
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is, each eye separately referring it to a plane perpendicular 
to the common axis, will see a line differently inclined ; and 
then if lines having the same apparent inclinations be drawn 
on two pieces of card, and be presented to the eyes as before 
directed, the rcid position o£ the original line will be correctly 
perceived by the mind. 

In the same manner the most complex figures of three di- 
mensions may be accurately represented to the mind, by pre- 
senting their two perspective projections to the two retinae. 
But I shall defer these more perfect experiments until I de- 
scribe an instrument which will cua])le any person to observe 
all the phenomena in question with the greatest ease and 
certainty. 

In the instruments above described the optic axes converge 
to some point in a plane before or beyond that in which the 
objects to be seen are situated. The adaptation of the eye, 
which enables us to see distinctly at diflerent distances, and 
which habitually accompanies every different degree of con- 
vergence of the optic axes, docs not immediately adjust itself 
to the new and unusual condition ; and to persons not ac- 
customed to experiments of this kind, the pictures will either 
not readily unite, or will appear dim and confused. Besides 
this, no object can b6 viewed according to either mode when 
the drawings exceed in breadfli the distance of the two points 
of the optic axes in which their centres are placed. 

These inconveniences are removed by the instalment I am 
about to describe ; the two pictures (or rather their reflected 
images) are placed in it at the true concourse of the optic 
axes, the focal adaptation of the eye preserves its usual ad- 
justment, the appearance of lateral images is entirely avoided, 
and a large field of view for each eye is obtained. The fire- 
quent reference I shall have occasion to make to tliis instru- 
ment, will render it convenient to give it a specific name ; I 
therefore propose that it be called a Stereoscope, to indicate 
its property of representing solid figures. 

s^ 3. 
The stereoscope is represented by figs. 8 and 9, the former 
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being a front view, and the latter a plan of the instrument. 
A A' are two plane mirrors, about four inches square, inserted 
in frames, and so adjusted that their backs form an angle of 
'9(f with each other ; these mirrors are fixed by their common 
edge against an upright B, or, which was less easy to represent 
in the drawing, against the middle line of a vertical board, 
cut away in such manner as to allow the eyes to be placed 
before the two mirrors. C C are two sliding boards, to which 
are attached the upriglit boards D D', which may thus be 
removed to different distances from the mirrors. In most of 
the experiments hereafter to be detailed, it is necessary that 
each upright board shall be at the same distance from the 
mirror which is opposite to it. To facilitate this double ad- 
justment, I employ a right- and a left-handed wooden screw, 
r / ; the two ends of this compound screw pass through the 
nuts e e, which arc fixed to the lower parts of the upright 
boards D D', so that by turning the screw pin p one way the 
two boards will approach, and by turning it the other they 
will recede from each other, one always preserving the same 
distance as the other from the middle line /. E E' are pan- 
nels, to which the pictures are fixed in such manner that 
their cori^esponding horizontal lines shall be on the same 
level : these panncls arc capable of sliding backwards and 
forwards in grooves on the upright boards D D'. The appa- 
ratus having been described, it now remains to explain the 
manner of using it. The observer must place his eyes as 
near as possible to the mirrors, the right eye before the right- 
hand mirror, and the left eye before the left-hand mirror, 
and he must move the sliding pannels E E' to or from him 
until the two reflected images coincide at the intersection of 
the optic axes, and form an image of the same apparent mag- 
nitude as each of the component pictures. The pictures will 
indeed coincide when the sliding pannels are in a variety of 
different positions, and consequently when viewed under dif- 
ferent inclinations of the optic axes; but there is only one 
position in which the binocular image will be immediately 
seen single, of its proper magnitude, and without fatigue to 
the eyes, because in this position only the ordinary relations 
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between the magnitude of the pictures on the retina^ the in- 
clination of t)ie optic axes^ and the adaptation of the eye to 
distinct vision at different distances are preserved. The 
alteration in the apparent magnitude of the binocular images^ 
when these usual relations arc disturbed^ will be discussed in 
another paper of this series, with a variety of remarkable 
phenomena depending thereon. In all the experiments de- 
tailed in the present memoir I shall suppose these relations 
to remain undisturbed, and the optic axes to converge about 
six or eight inches before the eyes. 

If the pictures are all drawn to be seen with the same in- 
clination of the optic axes, the apparatus may be simplified 
by omitting the screw r / and fixing the upright boards D D' 
at the proper distances. The sliding pannels may also be 
dispensed with, and the drawings themselves be made to slide 

in the grooves. 

§4. 

A few pairs of outline figures, calculated to give rise to the 
perception of objects of three dimensions when placed in the 
stereoscope in the manner described, arc represented from 
figs. 10 to 20. They are one half the linear size of the 
figures actually employed. As the drawings are reversed by 
reflection in the mirrors, I will suppose these figures to be 
the reflected images to which the eyes are directed in the 
apparatus — those marked b being seen by the right eye, and 
those marked a by the left eye. The drawings, it has been 
already explained, are two different projections of the same 
object seen from two points of sight, the distance between 
which is equal to the interval between the eyes of the ob- 
server ; this interval is generally about 2i inches. 

a and i, fig. 10, will, when viewed in the stereoscope, 
present to the mind a line in the vertical plane, with its 
lower end inclined towards the observer. If the two , 
component lines be caused to turn round their centres 
equally in opposite directions, the resultant line will, ^k 
while it appears to assume every degree of inclination ^^ 
to the referent plane, still seem to remain in the same 
vertical plane. 
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Fig. 11. A series of points all in the same horizontal 
plane, but each towards the right hand successiyely 
nearer the observer. 

Fig. 12. A curved line intersecting the referent plane^ 
and having its convexity towards the obser>-er. 

Fig. 13. A cube. 

Fig. 14. A cone, having its axis perpendicular to the 
referent plane and its vertex towards the obsener. 

Fig. 15. The frustum of a square pyramid; its axis 
perpendicular to the referent plane, and its base furthest 
from the eve. 

Fig. IG. Two circles at different distances from the 
eyes, their centres in the same perpendicular, forming 
the outline of the frustum of a coue. 

Tlie other figuics require no observation. 

For the purposes of illustration I have employed only out- 
line figures, for had either shading or colouring been intro- 
duced it might be supposed that the effect was wholly or in 
part due to these circumstances, whereas by leaving them out 
of consideration no room is left to doubt that the entire effect 
of relief is owing to the simultaneous perception of the two 
monocular projections, one on each retina. But if it be re- 
quired to obtain the most faithful resemblances of real objects, 
shadowing and colouring may properly be employed to 
heighten the eflccts. Careful attention would enable an 
artist to draw and paint the two component pictures, so as 
to present to the mind of the obsen^er, in the resultant per- 
ception, perfect identity with the object represented. Flowers, 
crystals, busts, vases, instruments of various kinds, &c. 
might thus be represented so as not to be distinguished by 
sight from the real objects themselves. 

It is worthy of remark, that the process by which we thus 
become acquainted with the real forms of solid objects is 



^. 



important science we owe to the genius of Monge, but which 



precisely that which is employed in descriptive geometry, an 

iK is little studied or known in this country. In this science, 
the position of a point, a right line, or a curve, and con- 
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sequently of any figure whatever, is comi)letely determined 
by assigning its projections on two fixed planes, the situa- 
tions of which are known, and >vhicli are not parallel to each 
other. In the problems of descriptive geometry the two re- 
ferent planes are generally assumed to be at right angles to 
each other, but in binocular vision the inclination of these 
planes is less according as the angle made at the concourse 
of the optic axes is less ; thus the same solid object is repre- 
sented to the mind by different pairs of monocular pictures, 
according as they arc placed at a different distance before 
the eyes, and the perception of these diflerences (though we 
seem to be unconscious of them) may assist in suggesting to 
the mind the distance of the object. The more inclined to 
each other the referent planes are, with the greater accuracy 
are the various points of the i)rojcction8 referred to their 
proper places ; and it appears to be a useful provision that 
the real forms of those objects which are nearest to us are 
thus more determinately apprehended than those which are 

most distant. 

§5. 

A very singular eflTect is produced when the drawing ori- 
ginally intended to be seen by the right eye is placed at the 
left-hand side of the stereoscope, and that designed to be seen 
by the left eye is placed on its right-hand side. A figure of 
three dimensions, as bold in relief as before, is perceived, but 
it has a diiferent form from that which is seen when the 
drawings are in their proper places. There is a certain rela- 
tion between the proper figure and this, which I shall call its 
converse figure. Those points which are nearest the observer 
in the proper figure are the most remote from him in the 
converse figure, and vice versd, so that the figure is, as it 
were, inverted ; but it is not an exact inversion, for the near 
parts of the converse figure appear smaller, and the remote 
parts larger than the same parts before the inversion. Hence 
the drawings which, properly placed, occasion a cube to be 
perceived, when changed in the manner described, represent 
the frustum of a square pyramid with its base remote from 
the eye; the cause of this is easy to understand. 
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This conversion of relief may be shown by all the pairs of 
drawings from fig. 10 to 19. In the case of simple figures 
like these the converse figure is as readily apprehended as 
the original one, because it is generally a figure of as frequent 
occurrence ; but in the case of a more complicated figure, an 
architectural design, for instance, the mind, unaccustomed to 
perceive its converse, because it never occurs in nature, can 
find no meaniug in it. 

§6. 

The same image is depicted on the retina by an object of 
three dimensions as by its projection on a plane surface, pro- 
vided the point of sight remain in both cases the same. 
There should be, therefore, no difference in the binocular ap- 
pearance of two drawings, one presented to each eye, and of 
two real objects so presented to the two eyes that their pro- 
jections on the retina shall be the same as those arising from 
the drawings. The following experiments will prove the 
justness of this inference. 

I procured several pairs of skeleton figures, t. e. outline 
figures of three dimensions, formed either of iron wire or of 
ebony beading about one tenth of an inch in thickness. The 
pair I most frequently employed consisted of two cubes 
whose sides were three inches in length. When I placed 
these skeleton figures on stands before the two mirrors of the 
stereoscope, the following effects were produced, according 
as their relative positions were changed : — 1st. When they 
were so placed that the pictures with their reflected images 
projected on the two retinae were precisely the same as those 
which would have been projected by the cube placed at the 
concourse of the optic axes, a cube in relief appeared before 
the eyes. 2ndly. When they were so placed that their re- 
flected images projected exactly similar pictures on the two 
retinaj, all effect of relief was destroyed, and the compound 
appearance was that of an outline representation on a plane 
surface. 3rdly. W^hen the cubes were so placed that the 
reflected image of one projected on the left retina the same 
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picture as in the first case was projected on the right retina^ 
and conversely, the converse figure in relief appeared. 

§7. 

If a symmetrical object (that is, one whose right and left 
sides are exactly similar to each other but inverted) be placed 
so that any point in the plane which divides it into these two 
halves is equjilly distant from the two eyes, its two mo- 
nocular projections are, it is easy to see, inverted fac-similes 
of each other. Tlius fig. 15, a and b are symmetrical mo- 
nocular projections of the frustum of a four-sided pyramid, 
and figs. 13, 14, and 16 are corresponding projections of other 
symmetrical objects. This being kept in ^^ew, I will describe 
an experiment which, had it been casually obscn'cd previous 
to the knowledge of the principles developed in this paper, 
would have appeared an inexplicable optical illusion. 

M and M^ (fig. 21) are two mirrors, inclined so that their 
faces form an angle of 90° with each other. Between them 
in the bisecting plane is placed a plane outline figure, such 
as fig. 15 fl, made of card, all parts but the lines being cut 
away, or of wire. A reflected image of this outline, placed 
at A, will appear behind each mirror at B and B', and one of 
these images will be the inversion of the other. If the eyes 
be made to converge at C, it is obvious that these two re- 
flected images will fall on corresponding parts of the two 
retina;, and a figure of three dimensions will be perceived ; 
if the outline placed in the bisecting plane be reversed, the 
converse skeleton form will appear: in both these experi- 
ments we have the singular phenomenon of the conversion 
of a single plane outline into a figure of three dimensions. 
To render the binocular object more distinct, concave lenses 
may be applied to the eyes ; and to prevent the two lateral 
images from being seen, screens may be placed at D and D'. 

§8. 

An efifect of binocular perspective may be remarked in a 
plate of metal, the surface of which has been made smooth 
by turning it in a lathe. When a single candle is brought 
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near such a plate^ a line of light appears standing out firom 
it, one half being above, and the other half below the sur- 
face ; the position and inclination of this line changes with 
the situation of the light and of the observer, but it always 
passes through the centre of the plate. On closing the left 
eye tlie relief disappears, and the luminous line coincides 
with one of the diameters of the plate ; on closing the right 
eye the line appears equally in the plane of the surface, but 
coincides with another diameter; on opening both eyes it 
instantly starts into relief*. \ The case here is exactly analo- 
gous to the vision of two inclined lines (fig. 10) when each 
is presented to a different eye in the stereoscope. It is 
curious that an effect like this, which must have been seen 
thousands of times, should never have attracted suflScient 
attention to have been made the subject of philosophic obser- 
vation. It was one of the earliest facts which drew my 
attention to the subject I am now treating. 

Dr. Smith t was very much puzzled by an eflfcct of bi- 
nocular perspective which he observed, but was unable to ex- 
plain. He opened a pair of compasses, and while he held 
the joint in his hand, and the points outwards and equidistant 
from his eyes, and somewhat higher than the joint, he looked 
at a more distant point; the compasses appeared double. 
He then compressed the legs until the two inner points co- 
incided ; having done this the two inner legs also entirely 
coincided, and bisected the angle formed by the outward 
ones, appearing longer and thicker than they did, and reach- 
ing from the hand to the remotest object in view. The ex- 
planation oflFcred by Dr. Smith accounts only for the coinci- 
dence of the points of the compasses, not for that of the 
entire leg. The eflfect in question is best seen by employing 
a pair of straight wires about a foot in length. A similar 
observation, made with two flat rulers, and afterwards with 

* The luminous line seen by a single eye arises from the reflection o^ 
the light from each of the concentric circles produced in the operation of 
turning ; when the plate is not large the arrangement of these successiYe 
reflections does not difier from a straight line. 

t System of Optics, vol. ii. p. 388 and r. 526. 
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Bilk threads, iuduced Dr. Wells to propose a new theory of 
visil)le direction in owler to explain it, so inexplicable did it 
seem to him bv any of the received theories. 

§9. 

The i>reeeding experiments render it evident that there is 
an essential difference in the appearance of objects when seen 
with two eyes and when only one eye is employed, and that 
the most vivid belief of the solidity of an object of three di- 
mensions arises from two different perspective projections of 
it being simultaneously presented to the mind. How happens 
it then, it may be asked, that persons who see with only one 
eye form correct notions of solid objects, and never mistake 
tliem for pictures? and how happens it, also, that a person 
having the perfect use of both eyes perceives no difference 
in objects around him when he shuts one of them ? To ex- 
plain these apparent diihculties, it must l)c kept in mind 
that although the simultaneous vision of two dissimilar pic- 
tures suggests the relief of objects in the most vivid manner, 
yet there are other signs which suggest the same ideas to the 
mind, which, though more ambiguous than the former, be- 
come less liable to lead the judgment astray in proportion to 
the extent of our previous experience. The vividness of relief 
arising from the projection of two dissimilar pictures, one on 
each retina, becomes less and less as the object is seen at a 
greater distance before the eyes, and entirely ceases when it 
is so distant that the optic axes are parallel while regarding 
it. We see with both eyes all objects beyond this distance 
precisely as we see near objects with a single eye; for the 
pictures on the two retinse are then exactly similar, and the 
mind appreciates no difference whether two identical pictures 
fall on the corresponding ])arts of the two retinae, or whether 
one eye is impressed with only one of these pictures. A 
person deprived of the sight of one eye sees, therefore, all ex- 
ternal objects, near and remote, as a person with both eyes 
sees remote objects only; but that vivid effect arising from 
the binocular vision of near objects is not perceived by the 
former; to supply this deficiency he has recourse uncon- 
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sciously to other means of acquiring more accurate informa- 
tion. The motion of the head is the principal means he em- 
l)ioys. That the required knowledge may be thus obtained 
will be evident from the following considerations. The mind 
associates with tlie idea of a solid object every diflferent pro- 
jection of it which experience has hitherto afforded ; a single 
projection may be ambiguous, from its being also one of the 
projections of a picture or of a different solid object; but 
when different ])rojections of the same object arc successively 
presented, they cannot all belong to another object, and the 
form to which they belong is completely characterized. 
"While the object remains fixed, at every movement of the 
head it is viewed from a different point of sight, and the pic- 
ture on the retina consequently continually changes. 

Every one must be aware how greatly the perspective effect 
of a picture is enhanced by looking at it with only one eye, 
especially wlien a tube is employed to exclude the vision of 
adjacent objects, whose presence might disturb the illusion. 
Seen under such circumstances from the proper point of sight, 
the picture projects the same lines, shades, and colours on the 
retina as the more distant scene which it represents would 
do were it substituted for it. The apijcarance which would 
make us certain that it is a picture is excluded from the 
sight, and the imagination has room to be active. Several 
of the older writers erroneously attributed this apparent su- 
periority of monocidar vision to the concentration of the 
visual power in a single eye*. 

^ Tliere is a well-known and very striking illusion of per- 
spective which deserves a passing remark, because the reason 
of the effect does not appear to be generally understood. 
"When a perspective of a building is projected on a horizontal 
plane, so that the point of sight is in a line greatly inclined 
towards the plane, the building appears to a single eye placed 

* '' We see more exquisitely with one eye shut than with both, because 

the vital spirits thus unite themselves the more, and become the stronger ; 

for we may find by looking in a glass whilst we shut one eye, that the 

pupil of the other dilates." — Lobd Bacon's Work»y Sylva Sylvarum, art 

Vision, " 
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at the point of sight to be in bold relief^ ^nd the illusion is 
almost as perfect as in the binocular experiments described 
in §^§ 2, 3, 4. This effect wholly arises from the unusual 
projection^ which suggests to the mind more readily the 
object itself than the drawing of it ; for we are accustomed to 
see real objects in almost every point of view, but perspective 
representations being generally made in a vertical plane with 
the point of sight in a line perpendicular to the plane of pro- 
jection, we are less familiar with the appeai*ance of other 
projections. Any other unusual projection will produce the 
same effect. 

:§io. 

If we look with a single eye at the drawing of a solid geo- 
metrical figure, it may be imagined to be the representation 
of either of two dissimilar solid figures, the figure intended 
to be represented, or its converse figure (§ 5) . If the former 
is a very usual, and the latter a very unusual figure, the ima- 
gination will fix itself on the original without wandering to 
the converse figure ; but if both are of ordinary occurrence, 
which is generally the case with regard to simple forms^ a 
singular phenomenon takes place ; it is perceived at one time 
distinctly as one of these figures, at another time as the 
other, and while one figure continues it is not in the power 
of the will to change it immediately. 

The same phenomenon takes place, though less decidedly^ 
when the drawing is seen with both eyes. Many of my 
readers will call to mind the puzzling effect of some of the 
diagrams annexed to the problems of the eleventh book of 
Euclid ; which, when they were attentively looked at, changed 
in an arbitrary manner from one solid figure to another, and 
would obstinately continue to present the converse figures 
when the real figures alone were wanted. This perplexing 
illusion must be of common occurrence, but I have only 
found one recorded observation relating to the subject. It is 
by Professor Necker of Geneva, and I shall quote it in his 
own words from the ' Philosophical Magazine,^ Third Series^ 
vol. i. p. 387. 
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" The object I have now to call your attention to is an ob- 
servation which has often occurred to me while examining 
figures and engraved plates of crj'stalline forms ; I mean a 
sudden and involuntary change in the apparent position of 
a crystal or solid represented in an engraved figure. What 
I mean will be more easily understood from the figure an- 
nexed (fig. 22). The rhomboid A X is drawn so that the 
solid angle A should be seen the nearest to the spectator, and 
the solid angle X the farthest from him, and that the face 
A C D B should be the foremost, while tlie face X D C is 
behind. But in looking repeatedly at the same fipirc, you 
will perceive that at times the apparent position of the rhom- 
boid is so changed that the solid angle X will apx)ear the 
nearest, and the solid angle A the farthest; and that the 
face A C D B will recede behind the face X D C, which will 
come forward, which eftcct gives to the whole solid a quit€ 
contrar}' apparent inclination.^^ 

Professor Necker attributes this alteration of appearance, 
not to a mental operation, but to an involuntary change in 
the adjustment of the eye for obtaining distinct vision. He 
supposed that whenever the point of distinct vision on the 
retina is directed on the angle A, for instance, this angle, 
seen more distinctly than the others, is naturally supposed to 
be nearer and foremost, while the other angles, seen indi- 
stinctly, arc supposed to be farther and behind, and that the 
reverse takes place when the point of distinct vision is brought 
to bear on the angle X. 

That this is not the true explanation, is evident from three 
circumstances : in the first place, the two points A and X 
being both at the same distance from the eyes, the same 
alteration of adjustment which would make one of them. in- 
distinct would make the other so ; secondly, the figure will 
undergo the same changes whether the focal distance of the 
eye be adjusted to a point before or beyond the plane in 
which the figure is drawn ; and thirdly, the change of figure 
frequently occurs while the eye continues to look at the 
same angle. The effect seems entirely to depend on our 
mental contemplation of the figure intended to be repre- 
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sented^ or of its converse. By following the lines with the 
eye with a clear idea of the solid figure we are describing, it 
may be fixed for any length of time ; but it requires practice 
to do this or to change the figure at will. As I have before 
observed, these effects are far more obvious when the figures 
are regarded with one eye only. 

No illusion of this kind can take place when an object of 
three dimensions is seen with both eyes while the optic axes 
make a sensible angle with each other, because the appear- 
ance of the two dissimilar images, one to each eye, prevents 
the possibility of mistake. But if we regard an object at 
such a distance that its two projections arc sensibly identical^ 
and if this projection be capable of a double interpretation, 
the illusion may occur. Thus a placard on a pole carried in 
the streets, with one of its sides inclined towards the observer, 
will, when he is distant from it, frequently appear inclined 
in a contrary direction. Many analogous instances might 
be adduced, but this will suflSce to call others to mind ; it 
must, however, be obsened, that when shadows or other 
means capable of determining the judgment are present, 
these fallacies do not arise. 

§11. 

The same indetermination of judgment which caiises a 
drawing to be perceived by the mind at dififerent times as 
two difierent figures, frequently gives rise to a false percep- 
tion when objects in relief are regarded with a single eye. 
The apparent conversion of a cameo into an intaglio, and of 
an intaglio into a cameo, is a well-known instance of this 
fallacy in vision ; but the fact does not appear to me to have 
been correctly explained, nor the conditions under which it 
occurs to have been properly stated. 

This curious illusion, which has been the subject of much 
attention, was fii^st observed at one of the early meetings of 
the Royal Society*. Several of the members looking through 
a compound microscope of a new construction at a guinea^ 
some of them imagined the image to be depressed, while 

♦ Birch's History, vol. ii. p. 348. 
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others thought it to be embossed^ as it really was. Professor 
Gmelin, of Wurtemburg, published a paper on the same 
subject in the Philosophical Transactions for 1745 ; his ex- 
periments were made with telescopes and compound micro- 
scopes which inverted the images ; and he observed that the 
conversion of relief appeared in some cases and not in others, 
at some times and not at others, and to some eyes also and 
not to others. He endeavoured to ascertain some of the con- 
ditions of the two appearances; "but why these things 
should so happen/^ says he, '^I do not pretend to deter- 
mine." 

Sir David Brewster accounts for the fallacy in the following 
manner*: — "A hollow seal being illuminated by a window 
or a candle, its shaded side is of course on the same side 
with the light. If we now invert the seal with one or more 
lenses, so that it may look in the opposite direction, it will 
appear to the eye with the shaded side furthest from the 
window. But as we know that the window is still on our 
left hand, and as every body with its shaded side furthest 
from the light must necessarily be convex or protuberant, 
we immediately believe that the hollow seal is now a cameo 
or bas-relief. The proof which the eye thus receives of the 
seal being raised, overcomes the evidence of its being hollow, 
derived from our actual knowledge and from the sense of 
touch. In this experiment the deception takes place from 
our knowing the real direction of the light which falls on the 
seal ; for if the place of the window, with respect to the seal, 
had been inverted as well as the seal itself, the illusion could 
not have taken place. The illusion, therefore, under our 
consideration is the result of an operation of our own minds, 
whereby we judge of the forms of bodies by the knowledge 
we have acquired of light and shadow. Hence the illusion 
depends on the accuracy and extent of our knowledge on 
this subject ; and while some persons are under its influence, 
others are entirely insensible to it.'* 

These considerations do not ftiUy explain the phenomenon, 
for they suppose that the image must be inverted, and that 

* Natural Mag^c, p. 100. 

b3 
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the liglit must fall in a particular direction ; but the conyer- 
sion of relief will still take place when the object is viewed 
through an open tube without any lenses to invert it, and 
also when it is equally illuminated in all parts. The true 
explanation I believe to be the following. If we suppose a 
cameo and an intaglio of the same object, the elevations of 
the one corresponding exactly to the depressions of the other, 
it is easy to show that the projection of either on the retina 
is sensibly the same. When the cameo or the intaglio is 
seen with both eyes, it is impossible to mistake an elevation 
for a depression, for reasons which have been already amply 
explained ; but when cither is seen with one eye only, the 
most certain guide of our judgment, viz. the presentation of 
a different picture to each eye, is wanting ; the imagination 
therefore supplies the deficiency, and we conceive the object 
to be raised or depressed according to the dictates of this 
faculty. No doubt in such cases our judgipent is in a great 
degree influenced by accessory circumstances, and the in- 
taglio or the relief may sometimes present itself according to 
our previous knowledge of the direction in which the shadows 
ought to appear ; but the principal cause of the phenomenon 
is to be found in the indetermination of the judgment arising 
jfrom our more perfect means of judging being absent. 

ObsenTrs with the microscope must be particularly on 
their guard against illusions of this kind. liaspaU observes'^ 
that the hollow pyramidal arrangement of the crystals of 
muriate of soda appears, when seen through a microscope, 
like a striated pyramid in relief. He recommends two modes 
of correcting the illusion. The first is to bring successively 
to the focus of the instrument the different parts of the 
crystal ; if the pyramid be in relief, the point will arrive at 
the focus sooner than the base will ; if the pyramid be hollow, 
the contrary will take place. The second mode is to project 
a strong light on the pyramid in the field of view of the mi- ^ 
croscope, and to observe which sides of the crystal are illu- \ 
minated, taking, however, the inversion of the image intp 

consideration if a compound microscope be employed. 

* 

* Nouveau Syst^me de Chimic Oi^ganique, 2^ 6dlt, t, i. p. 333. | 
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The inversion of relief is very striking when a skeleton 
cube is looked at with one eye, and the following singular 
results may in this case be observed. So long as the mind ^ 
perceives the cube, however the figure be turned about, its 
various appearances wiU be but diffei'cnt representations of 
the same object, and the same primitive form will be sug- 
gested to the. mind by all of them : but it is not so if the 
convei'se figure fixes the attention ; the series of successive 
projections cannot then be referred to any figure to which 
they are all common, and the skeleton figure will appear to 
be continually undergoing a change of shape. 

§12. 

I have given ample proof that objects whose .pictures do 
not fall on corresponding i)oints of the two retinae may still 
appear single. I will now adduce an experiment which 
proves that similar pictures falling on corresponding points 
of the two retinse may appear double and in different places. 

Present, in the stereoscope, to the right eye a vertical linfe, 
and to the left eye a line inclined some degrees from the 
perpendicular (fig. 23) ; the observer will then perceive, fts 
formerly explained, a line, the extremities of which appear at 
different distances before the eyes. Draw on the left-hand 
figure a faint vertical line exactly corresponding in position 
and length to that presented to the right eye, and let the two 
lines of this left-hand figure intersect each other at their 
centres. Looking now at these two drawings in the stereo- 
scope, the two strong lines, each seen by a different eye, will 
coincide, and the resiJtant perspective line will appear to 
occupy the same place as before ; but the faint line which 
now falls on a line of the left retina, which corresponds with 
the line of the right retina on which one of the coinciding 
strong lines, viz. the vertical one, falls, appears in a different 
place. The place this faint line apparently occupies is the 
intersection of that plane of visual dvectibn of the left eye in 
which it is situated with the plane of visual direj^' ' ^^^^ the 
right eye, which contains the strong vertical li^ Zd^, 
V. This experiment affords another proof thty^t tb^j^ . 

^ no 
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necessary physiological connection between tlie correspond- 
ing points of the two retinas, — a doctriae which has beea 
maintained by so many authors. 

■ 

§ 13. Binocular Vision of Images of different Magnitudes. 

We will now inquire what effect results from presenting 
similar images^ differing only in magnitude^ to analogous 
parts of the two retinae. For this purpose two squares or 
circles, differing obviously but not extravagantly in size, may 
be drawn on two separate pieces of paper, and placed in the 
stereoscope so that the reflected image of each shall be 
equally distant from the eye by which it is regarded. It will 
then be seen that, notwithstanding this difference, they coa- 
lesce and occasion a single resultant perception. The limit 
of the difference of size within which the single appearance 
subsists Tnay be ascertained by employing two images of 
equal magnitude, and causing one of them to recede from 
the eye while the other remains at a constant distance ;jthis 
is effected merely by pulling out the sliding board C (fig. 8) 
while the other C^ remains fixed, the screw having previously 
been removed. 

Though the single appearance of two images of different 
sizt3 is by this experiment demonstrated, the observer is un- 
able to perceive what dificrence exists between the apparent 
ma^^^Ail'ide of the binocular image and that of the two mo- 
nocular images. To determine this point the stereoscope must 
be dispensed with, and the experiment so arranged that all 
three shall be simultaneously seen, which may be done in 
the following manner :— The two drawings bemg placed side 
by side on a plane before the eyes, the optic axes must be 
made to converge to a ijearer point, as at fig. 4, or to a more 
distant one, as at fig. 3, until the three images are seen at 
the same time, the binocular image in the middle and the 
monocular images at each side. ■ It will thus be seen that the 
binocular image is apparently intermediate in size between 
the J;wg.g -^nocular ones. 

coincidence '^^® ^^ *^^ unequal in magnitude, the binocular 

)es not take place. It appears that if the in- 
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equality of the pictures be greater than the diflTerence which 
exists between the two projections of the same object when 
seen in the most oblique position of the eyes (i,e. both 
turned to the extreme right or to the extreme left), ordina- 
lily employed, they do not coalesce, j Were it not for the 
binocular coincidence of two images of different magnitude^ 
objects would appear single only when the optic axes con- 
verge immediately forwards; for it is only when the con- 
verging visual lines fonn equal angles with the visual base 
(the line joining the centres of the two eyes), as at fig. 2, 
that the two pictures can be of equal magnitude ; but when 
they form different angles with it, as at fig. 24, the distance 
from the object to each eye is different, and tJonsequently the 
picture projected on each retina has a different magnitude. 
If a piece of money be held in the position a (PL XVIII. fig. 
24), while the optic axes converge to a nearer point c, it will 
appear double, and that seen by the left eye will be evidently 
smaller than the other. 

§ 14. Pheyiomena which are observed when pictures , which 
are neither similar nor the binocular complements of each 
other, are simultaneously presented to corresponding^ par*:: 
of the two retince, *• 

If we regard one picture with the right eye alone, for a 
considerable length of time it will be constantly perceived; 
if we look at the other with the left eye alone its effect will 
be equally permanent ; it might therefore be expected that 
if each of these pictures were presented to its corresponding 
eye at the same time the two would appear permanently su- 
perposed on each other. This, however, contrary to expecta- 
tion, is not the case. 

If a and b (fig. 25) are each presented at the same time to 
a different eye, the common border will remain constant, 
while the letter within it will change alternately from that 
which would be perceived by the right eye alone to that 
which would be perceived by the left eye alone. At the 
moment of change the letter which has just been seen breaks 
into fragments, while fragments of the letter which is about 



248 ON THE PHYSIOLOGY OF VISION. 

to appear mingle with them, and are immediately after re- 
placed by the entire letter. It does not appear to be in the 
power of the will to determine the appearance of either of 
the letters, but the duration of the appearance seems to de- 
pend on causes which are under our control : thus if the two 
pictures be equally illuminated, the alternations appear in 
general of equal duration ; but if one picture be more illu- 
minated than the other, that which is less so will be perceived 
during a shorter time. J have generally made this experi- 
ment with the apparatus, fig. 6. When complex pictures are 
employed in the stereoscope, various parts of them alternate 
diftcrently. 

There are some facts intimately connected with the subject 
of the present article which have already been frequently 
observed. I allude to the experiments, first made by Du Tour, 
in which two different colours are presented to corresponding 
parts of the two retinae. If a blue disk be presented to the 
right eye and a yellow disk to the corresponding part of the 
left eye, instead of a green disk wliich would appear if these two 
colours had mingled before their arrival at a single eye, the 
mind will perceive the two colours distinctly, one or the 
other alternately predominating either partially or wholly 
over the disk. In the same manner the mind perceives no 
trace of violet when red is presented to one eye and blue to 
the other, nor any vestige of orange when red and yellow are 
separately presented in a similar manner. These experi- 
ments may be conveniently repeated by placing the coloured 
disks in the stereoscope, but they have been most usually 
made by looking at a white object through diflTcrently coloured 
glasses, one applied to each eye. 

In some authors we find it stated, contrary to fact, that if 
similar objects of different colour be presented one to each 
eye, the aj)pearance will be that compounded of the two 
colours. Dr. Reid* and Janin are among the writers who 
have fallen into this error. 

• Enquiry, Sect. xiii. . 
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§ 15. 

No question relating to vision has been so much debated 
as the cause of the single appearance of objects seen by both 
eyes. I shall in the present section give a slight review of 
the various theories which have been advanced by philoso- 
phers to account for this phenomenon, in order that the 
remarks I have to make in the succeeding section may be 
properly understood. 

The law of visible direction for monocular vision has been 
variously stated by different optical writers. Some have 
maintained, with Drs. Reid and Porterfield, that every ex- 
ternal point is seen in the direction of a line passing from its 
picture on the retina through the centre of the eye ; while 
others have supposed, with Dr. Smith, that the visible direc- 
tion of an object coincides with the visual ray, or the prin- 
cipal ray of the pencil which flows from it to the eye. 
D'Alembeii:, furnished with imperfect data respecting the 
refractive densities of the humours of the eye, calculated that 
the apparent magnitudes of objects would differ widely on 
the two suppositions, and concluded that the visible point of 
an object was not seen in either of these directions, but sen- 
sibly in the direction of a line joining the point itself and its 
image on the retina; but he acknowledged that he could 
assign no reason for this law. Sir David Brewster, provided 
with more accurate data, has shown that these three lines so 
nearly coincide with each other, that ^' at an inclination of 
30°, a line perpendicular to the point of impression on the 
retina passes through the common centre, and does not de- 
viate from the real line of visible direction more than half a 
degree, a quantity too small to interfere with the purposes of 
vision/^ We may therefore assume in all our future rea- 
sonings the truth of the following definition given by this 
eminent philosopher: — ''As the interior eyeball is as nearly 
as possible a perfect sphere, lines perpendicular to the sur- 
face of the retina must all pass through one single point, 
namely the centre of its spherical surface. This one point 
may be called the centre of visible direction, because every 
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point of a visible object will be seen in the direction of a 
line drawn from this centre to the visible point/' 

It is obvions that the result of any attempt to explain the 
single appearance of objects to both eyes, or, in other worda, 
the law of visible position for binocular vision, ought to con- 
tain nothing inconsistent with the law of visible direction for 
monocular vision. 

It was the opinion of Aguilonius that all objects seen at 
the same glance with both eyes appear to be in the plane of 
the horopter. The horopter he defines to be a line drawn 
through the point of intersection of the optic axes, and 
parallel to the line joining the centres of the two eyes ; the 
plane of the horopter to be a plane passing through this line 
at right angles to that of the optic axes. All objects which 
are in this plane must, according to him, appear single 
because the lines of direction in which any point of an object 
is seen coincide only in this plane and nowhere else ; and as 
these lines can meet each other only in one point, it follows 
from the hypothesis, that all objects not in the plane of the 
horopter must appear double, because their lines of direction 
intersect each other, either before or after they pass through 
it. This opinion was also maintained by Dechales and Por- 
terfield. That it is erroneous, I have given, I think, suffi- 
cient proof, in showing that, when the optic axes converge 
to any point, objects Ix^forc or beyond the plane of the 
horopter are, under certain circumstances, equally seen single 
as those in that plane. 

Dr. Wells's ^^ new theory of visible direction '' was a modi- 
fication of the preceding hypothesis. This acute writer held 
with Aguilonius, that objects ai'e seen single only when they 
are in the plane of the horopter, and consequently that they 
appear double when they are either before or beyond it ; but 
he attempted to make this single appearance of objects only 
in the plane of the horopter to depend on other principles, 
from which he deduced, contrary to Aguilonius, that the 
objects- which are doubled do not appear in the plane of the 
horopter, but in other places which are determined by these 
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principles. Dr. Wells was led to his new theory by a fact 
which he accidentally observed, and which he could not 
reconcile with any existing theory of visible direction : this 
fact had, though he was unaware of it, been previously 
noticed by Dr. Smith ; it is already mentioned in § 8, and 
is the onlv other instance of binocular vision of relief which 
I have found recorded previous to my own investiga- 
tions. So little does Dr. Wells^s theory appear to have been 
understood, that no subsequent writer has attempted either 
to confirm or disprove his opinions. It would be useless 
here to discuss the principles of this theory, which was 
framed to account for an anomalous individual fact, since it 
is inconsistent with the general rules on which that fact has 
been now shown to depend. Notwithstanding these erro- 
neous views, the '^ essay upon single vision with two eyes '' 
contains many valuable experiments and remarks, the truth 
of which is independent of the theory they were intended 
to illustrate. 

The theory which has obtained greatest currency is that 
which assumes that an object is seen single because its pictures ^ 
fall on corresponding points of the two retinae — that is, on 
points which are similarly situated with respect to the two 
centres both in distance and position. This theory supposes 
that the pictures projected on the retinaj are exactly similar 
to each other, corresponding points of the two pictures fall- 
ing on corresponding points of the two retinae. Authors 
who agree with regard to this property, differ widely in ex- 
plaining why objects are seen in the same place, or single, 
according to this law. Dr. Smith makes it to depend entirely 
on custom, and explains why the eyes are habitually directed 
towards an object so that its pictures fall on corresponding 
parts in the following manner : — '^ When we view an object 
steadily, we have acquired a habit of directing the optic axes 
to the point in view ; because its pictures falling upon the 
middle points of the retinas, are then distincter than if they 
fell upon any other places; and since the pictures of the 
whole object are equal to one another, and are both inverted 
with respect to the optic axes, it follows that the pictures of 
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any collateral point are painted upon corresponding points 
of the retinas/' 

Dr. Reid, after a long dissertation on the subject, con- 
cludes, " that by an original property of human eyes, objects 
painted upon the centres of the two retinae, or upon points 
similarly situated with regard to the centres, appear in the 
same visible place; that the most plausible attempts to 
account for this property of the eyes have been unsuccessful ; 
and therefore, that it must be either a primary law of our 
constitution, or the consequence of some more general law 
which is not yet discovered/' 

Other writers who have admitted this principle have re- 
garded it as arising from anatomical structure and depen- 
dent on connexion of nervous fibres ; among these stand the 
names of Galen, Dr. Briggs, Sir Isaac Newton, Rohault, Dr. 
Hartley, Dr. WoUaston, and Professor Miiller. 

Many of the supporters of the theory of corresponding 
points have thought, or rather have admitted, without think- 
ing j that it w^as not inconsistent with the law of Aguilonius ; 
but very little reflection will show that both cannot be main- 
tained together; for corresponding lines of visible direction, 
that is, lines terminating in corresponding points of the two 
retinae, cannot all at the same time meet in the plane of the 
horopter unless the optic axes be parallel, and the plane be 
at an infinite distance before the eyes. Some of the modem 
German writers* have inquired what is the curve in which 
objects appear single while the optic axes are directed to a 
given point, on the hypothesis that objects are seen single 
only when they fall on corresponding points of the two 
retinae. An elegant proposition has resulted from their in- 
vestigations, which I shall need no apology for introducing 
in this place, since it has not yet been mentioned in any 
English work, 

R and L (fig. 26) are the two eyes ; CA, C'A the optic 
axes converging to the point A ; and CABC is a circle drawn 
through the point of convergence A and the centres of visible 

* Tortualf Die Sinne des Menschen : MUnster, 1827. Bartels, Beitrage 
zur Physiologie des Qesichtssinnes : Berlin, 1834. 
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direction CC. If any point be taken in the circumference 
of this circle, and lines be drawn from it through the centres 
of the two eyes CC, these lines will fall on corresponding 
points of the two retinae DD' ; for the angles ACB, AC'B 
being equal, the angles DCE, DC'E are also equal ; therefore 
any point placed in the circumference of the circle CABC 
will, according to the hypothesis, appear single while the 
optic axes are directed to A, or to any other point in it. 

I will mention two other properties of this binocular 
circle : 1st. The arc subtended by two points on its circum- 
ference contains double the number of degrees of the arc 
subtended by the pictures of these points on either retina, so 
that objects which occupy 180° of the supposed circle of 
single vision are painted on a portion of the retina extended 
over 90° only; for the angle DCE or DC'E being at the 
centre, and the angle BCA or BC'A at the circumference of 
a circle, this consequence follows. 2ndly. To whatever point 
of the circumference of the circle the optic axes be made to 
converge, they will form the same angle with each other; 
for the angles CAC CBC are equal. 

In the eye itself, the centre of visible direction, or the 
point at which the principal rays cross each other, is, accord- 
ing to Dr. Y^oung and other eminent optical writers, at the 
same time the centre of the spherical surface of the retina, 
and that of the lesser spherical surface of the cornea ; in the 
diagram (fig. 26), to simplify the consideration of the problem, 
R and L represent only the circle of curvature of the bottom 
of the retina, but the reasoning is equally tnic in both cases. 

The same reasons, founded on the experiments in this 
memoir, which disprove the theoiy of Aguilonius, induce 
me to reject the law of corresponding points as an accurate 
expression of the phenomena of single vision. According to 
the former, objects can appear single only in the plane of the 
horopter ; according to the latter, only when they are in the 
circle of single vision ; both positions are inconsistent with 
the binocular vision of objects in relief, the points of which 
they consist appearing single though they are at diiflferent 
distances before the eyes. I have already proved that the 
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assumption made by all the maintainers of the theory of 
corresponding points, namely that the two pictures projected 
by any object on the retinae are exactly similar, is quite con- 
trary to fact in every case except that in which the optic 
axes are parallel. 

Gassendus, Porta, Tacquet, and Gall maintained that we 
see with only one eye at a time though both remain open, 
one, according to them, being relaxed and inattentive to 
objects while the other is upon the stretcli. It is a suflScient 
refutation of tliis hypothesis that we see an object double 
when one of the optic axes is displaced either by squinting 
or by pressure on the eyeball with the finger ; if we saw with 
only one eye, one object only should under such circum- 
stances be seen. Again, in many cases which I have already 
explained, the simultaneous affection of the two retinae ex- 
cites a different idea in the mind to that consequent on 
either of the single impressions, the latter giving rise to the 
idea of a representation on a plane surface, the former to 
that of an object in relief; these things could not occur did 
we see with only one eye at a time. 

Du Tour* held that though we might occasionally see at 
the same time with both eyes, yet the mind cannot be affected 
simultaneously by two corresponding points of the two 
images. He was led to this opinion by the curious facts 
alluded to in § 14. It would be difficult to disprove this 
conjecture by experiment ; but all that the experiments ad- 
duced in its favour, and others relating to the disappearance 
of objects to one eye, really proves is, that the mind is inat- 
tentive to impressions made on one retina when it cannot 
combine the impressions on the two retinae together so as to 
occasion a perception resembling that of some external ob- 
ject; but they afford no ground whatever for supposing 
that the mind cannot under any circumstances attend to im- 
pressions made simultaneously on points of the two retinae, 
when they harmonize with each other in suggesting to the 
mind the same idea. 

A perfectly original theory has been recently advanced by 

* Act Par. 1743. M. p. 334. 
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M. Lehot*, who has endeavoured to prove that instead of 
pictures on the retinae, images of three dimensions are formed 
in the vitreous humour which we perceive by means of ner- 
vous filaments extending thence from the retina. This theory 
would account for the single appearance to both eyes of 
objects in relief, but it would be quite insufficient to explain 
why we perceive an object of three dimensions when two 
pictures of it are presented to the eyes ; according to it, also, 
no difierence should be perceived in the relief of objects when 
seen by one or both eyes, which is contrary to what really 
happens. Tlie proofs, besides, that wc perceive external 
objects by means of pictures on the retinae are so numerous 
and convincing, that a contrary conjecture cannot be enter- 
tained for a moment. On this account it will suffice merely 
to mention two other theories. Vallccf, without denying 
the existence of pictures on the retina, has advocated that 
we perceive the relief of objects by means of anterior foci on 
the hyaloid membrane ; and Raspail J has developed at con- 
siderable length the strange hypothesis, that images are not 
painted on the retina, but are immediately perceived at the 
focus of the lenticular system of which the eye is formed. 

§ IC. 

It now remains to examine why two dissimilar pictures 
projected on the two retinae give rise to the perception of an 
object in relief. I will not attempt at present to give the 
complete solution of this question, which is far from being 
so easy as at a first glance it may appear to be, and is indeed 
one of great complexity. I shall in this place merely con- 
sider the most obvious explanation which might be offered, 
and show its insufficiency to explain the whole of the phe- 
nomena. 

It may be supposed that we see but one point of an object 
distinctly at the same instant, the one namely to which the 
optic axes are directed, while all other points are seen so in- 

• Nouvelle Throne de la Vision, Par. 1823. 

t Traits de la Science du Deasein, Par. 1821, p. 270. 

I Nouveau Systdme de Chimie Organique, t. ii. p. 829. 
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distinctly^ that the mind docs not recognize them to be either 
single or double^ and that the figure is appreciated by suc- 
cessively directing the point of convergence of the optic 
axes successively to a sufficient number of its points to 
enable us to judge accurately of its form. 

That there is a degifee of indistinctness in those parts of 
the field of view to which the eyes are not immediately di- 
rected, and which increases with the distance from that iK)int, 
cannot be doubted, and it is also true that the objects thus 
obscurely seen arc frequently doubled. It may be said, this 
indistinctness and duplicity is not attended to, because the 
eyes shifting continually from point to point, every part of 
the object is successively rendered distinct ; and the percep- 
tion of the object is not the consequence of a single glance, 
during which only a small part of it is seen distinctly, but is 
formed from a comparison of all the pictures successively 
seen while the eyes arc changing from one point of the object 
to anothcY. 

All this is in some degree true ; but were it entirely so, no 
appearance of relief should present itself when the eyes re- 
main intently fixed on one point of a binocular image in the 
stereoscope. But on pcrfonning the experiment carefully, 
it wijl be found, provided the pictures do not extend too far 
beyond the centres of distinct vision, that the image is still 
seen single and in relief when this condition is fulfilled. 
Were the theory of corresponding points true, the appear- 
ance should be that of the superposition of the two drawings, 
to which, however, it has not the slightest similitude. The 
following experiment is equally decisive against this theory. 

Draw two lines inclined towards each other, as in Plate 
XIX. fig. 10, on a sheet of paper, and having caused them 
to coincide by converging the optic axes to a point nearer 
than the paper, look intently on the upper end of the resul- 
tant line, without allo^^-ing the eyes to wander from it for a 
moment. The entire line will appear single and in its proper 
relief, and a pin or a piece of straight wire may without the 
least difficulty be made to coincide exactly in position with 
it ; or, if while the optic axes continue to be directed to the 
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upper and nearer end^ the point of a pin be made to coincide 
with the lower and further end or with any intermediate 
point of the resultant line, the coincidence will remain ex- 
actly the same when the optic axes are moved and meet 
there. The eyes sometimes become fatigued, which causes 
the line to appear double at those parts to which the optic 
axes arc not fixed, but in such case all appearance of relief 
vanishes. The same experiment may be tried with more 
complex figures, but the pictures should not extend too far 
beyond the centres of the retinae. . 

Another and a beautiful proof that the appearance of relief 
in binocular vision is an effect independent of the motions 
of the eyes, may be obtained by impressing on the retinas 
ocular spectra of the component figures. For this purpose 
the drawings should be formed of broad coloured lines on a 
ground of the complementary colour, for instance red lines 
on a green ground, and be viewed either in the stereoscope 
or in the apparatus, fig. 6, as the ordinary figures are, taking 
care, however, to fix the eyes only to a single point of the 
compound figure; the drawings must be strongly illumi- 
nated, and after a sufficient time has elapsed to impress the 
spectra on the retinae, the eyes must be carefully covered to 
exclude all external light. A spectrum of the object in 
relief will then appear before the closed eyes. It is well 
known tha^t a spectrum impressed on a single eye and seen 
in the dark, frequently alternately appears and disappears : 
these alternations do not correspond in the spectra impressed 
on the two retinae, and hence a curious effect arises ; some- 
times the right-eye spectrum will be seen alone, sometimes 
that of the left eye, and at those moments when the t\yo 
appear together, the binocular spectrum will present itself in 
bold relief. As in this case the pictures cannot shift their 
places on the retinae in whatever manner the eyes be moved 
about, the optic axes can during the experiment only cor- 
respond with a single point of each. 

When an object, or a part of an object, thus appears in 
relief while the optic axes are directed to a single binocular 

8 
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l)oiiit^ it is easy to see that each point of the figure that 
api)ears single is seen at the intersection of the two lines of 
visible direction in which it is seen by each eye separately^ 
whether these lines of visible direction terminate at cor- 
responding points of the two retinae or not. 

But if we were to infer the converse of this, viz. that every 
]K)int of an object in relief is seen by a single glance at the 
intersection of the lines of visible direction in which it in 
seen by each eye singly, we should be in error. On this 
supposition, objects before or beyond the intersection of the 
optic axes should never appear double, and we have abun- 
dant evidence that they do. The determination of the 
points which shall appear single seems to depend in no 
small degree on previous knowledge of the form we are 
regarding. No doubt, some law or rule of vision may be 
discovered which shall include all the circumstances under 
which single vision by means of non-corresponding points 
occurs and is limited. I have made numerous experiments 
for the purpose of attaining this end, and have ascertained 
some of the conditions on which single and double vision 
depend, the consideration of which, however, must at present 
be deferred. 

Sufficient, however, has been shown to prove that the laws 
of binocular visible position hitherto laid down are too re- 
stricted to be true. The law of Aguilonius assumes that 
objects in the plane of the horopter are alone seen single; 
and the law of corresponding points carried to its necessary 
consequences, though these consequences were unforeseen 
by its first advocates, many of whom thought that it was 
consistent with the law of Aguilonius, leads to the conclu- 
sion that no object appears single unless it is seen in a circle 
passing through the centres of visible direction in each eye 
and the point of convergence of the optic axes. Both of 
these are inconsistent with the single vision of objects whose 
points lie out of the plane in one case and the circle in the 
other j and that objects do appear single under circumstances 
that cannot be explained by these laws, has, I think, been 
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placed beyond doubt by the experiments I have brought for- 
ward. Should it be hereafter proved, that all points in the 
plane or in the circle above mentioned are seen single, and 
from the great indistinctness of lateral images it will be dif- 
ficult to give this proof, the law must be qualified by the 
admission that points out of them do not always appear 
double. 
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Contrihutio)i8 to the Physiology of Vision. — Part tJie 
Second. On some remarkable^ and hitlierto unob^ 
served^ Phenomena of Binocular Vision. 

[From tho * Philoaophicol Transactions/ 1852.] 

[Plate XX.] 

§17. 

In § 3 of the first part of my "Contributions to the Physio- 
logy of Vision/^ published in the Philosophical Transactions 
for 1838, speaking of the stereoscope, I stated, "The pic- 
tures will indeed coincide when the sliding pannels are in a 
variety of different positions, and consequently when viewed 
under different inclinations of the optic axes ; but there is 
only one position in which the binocular image will be im- 
mediately seen single, of its proper magnitude, and without 
fatigue to the eyes, because in this position only the ordinary 
relations between the magnitude of the pictures on the retina, 
the inclination of the optic axes, and the adaptation of the 
eye to distinct vision at diflfercnt distances are preserved. 
The alteration in the apparent magnitude of the binocular 
images, when these usual relations are disturbed^ will be dis- 
cussed in another paper of this scries, with a variety of re- 
markable phenomena depending thereon/' 

In 1833, five years before the publication of the memoir 
just mentioned, these yet unpublished investigations were 
announced, in the third edition of Herbert IVf ayo's ' Outlines 
of Human Physiology,' in the following words : — " Mr. 
Wheatstone has shown, in a paper he is about to publish^ 
that if by artificial means the usual relations which subsist 
between the degree of inclination of the optic axes and the 
visual angle which the object subtends on the retina be dis- 
turbed, some extraordinary illusions may be produced. Thus^ 
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the magnitude of the image remaining constant on the retina 
its apparent size may be made to vary with every alteration 
of the angular inclination of the optic axes." 

I shall resume the consideration of the phenomena of 
binocular vision with this subject, because the facts I have 
ascertained regarding it are necessary to be understood before 
entering on the new experiments relating to stereoscopic 
appearances which I intend to bring forward on the present 
occasion. 

Under the ordinary conditions of vision, when an object is 
placed at a certain distance before the eyes, several concur- 
ring circumstances remain constant, and they always vary 
in the same order when the distance of the object is changed. 
Thus, as we approach the object, or as it is brought nearer 
to us, the magnitude of the picture on the retina increases, 
the inclination of the optic axes, required to cause the pic- 
tures to fall on corresponding places of the retinae, becomes 
greater; the divergence of the rays of light proceeding from 
each point of the objec^^nd which determines the adapta- 
tion of the eyes to distinct vision of that point, increases ; 
and the dissimilarity of the two pictures projected on the 
retinae also becomes greater. It is important to ascertain in 
what manner our perception of the magnitude and distance 
of objects depends on these various circumstances, and to 
inquire which are the most, and which the least influential 
in the judgments we form. To advance this inquiry beyond 
the point to which it has hitherto been brought, it is not 
suflScicnt to content ourselves with drawing conclusions 
from observations on the circumstances under which vision 
naturally occurs, as preceding writers on this subject mostly 
have done, but it is necessary to have more extended recourse 
to the methods so successfully employed in experimental phi- 
losophy, and to endeavour, wherever it be possible, not only 
to analyse the elements of vision, but also to recombine them 
in unusual manners, so that they may be associated under 
circumstances that never naturally occur. 

The instrument I shall proceed to describe enables these 
abnormal combinations to be made in a very simple and 



202 OX TFIE PHYSIOLOGY OF VISION. 

effectual manner. Its principal object is to cause the bin- 
ocular pictures to coincide, with any inclination of the optic 
axes, while their magnitudes on the retinae remain the same ; 
or inversely, while the optic axes remain at the same anglc^ 
to cause the size of the pictures on the retinae to vary in any 
manner. 

Two plane mirrors inclined 90° to each other are placed 
together and fixed vertically upon a horizontal board. Two 
wooden arms move round a common centre situated on this 
boanl in the vertical plane which bisects the angle of the 
mirrors, and about 1^ inch beyond their line of junction. 
\J\}on each of these arms is placed an upright pannel, at 
right angles thereto, for the purpose of receiving its appro- 
priate picture, and each pannel is made to slide to and from 
the opposite mirror. The eyes being placed before the mir- 
rors, the right eye to the right mirror and the left eye to the 
left mirror, and the pannels being adjusted to the same dis- 
tances, however the arms be moved round their centre, the 
distance of the reflected image of each picture from the eye 
will remain exactly the same, and consequently its retinal 
magnitude will be imchanged. But as the two reflected 
images do not occupy the same place when the pictures are 
in diflferent positions, to cause the former to coincide the 
optic axes must converge differently. When the arms are in 
the same straight line, the images coincide while the optic 
axes are parallel ; and as they form a less angle with each 
other, the optic axes converge more to occasion the coinci- 
dence. When the arms remain in the same positions, while 
the pannels slide towards or from the mirrors, the conver- 
gence of the optic axes remains the same, but the magnitude 
of the pictures on the I'ctinte increases as the distance de- 
creases. By the arrangement described, and which is repre- 
sented by figs. 1 and 2, Plate XX., the reflected pictures are 
always perpendicular to the optic axes, and the correspond- 
ing points of the pictures, when they are exactly similar, 
fall upon corresponding points of the retinae. The instru- 
ment has an adjustment for otherwise inclining them if it be 
reqi 
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Let us now attend to the effects produced. The pictures 
being fixed at the same distance from the mirrors, there is a 
certain adjustment of the arms at which the binocular image 
will appear of its natural size, that is, the size we judge the 
picture itself to be when wc look at it directly ; in this case 
the magnitude of the pictures on the retinae and the inclina- 
tion of the optic axes preserve their usual relation tp each 
other. If now the arms be moved back, so as to cause a less 
convergence of the axes, the image will appear to increase in 
magnitude until the arms are in a straight line and the optic 
axes are parallel; and, on the other hand, if the arms be 
moved forwards, so as to form a less angle, the optic axes 
will converge more, and the image will appear gradually 
smaller. In this manner, while the retinal magnitude re- 
mains the same, the perceived magnitude of the binocular 
object varies through a very considerable range. 

The instrument being again adjusted so that the image 
shall be seen of its natural size, on sliding the pictures 
nearer the mirrors its perceived magnitude will be aug- 
mented, and on sliding tliem from the mirrors it will appear 
diminished in size. During these variations of magnitude 
the inclination of the optic axes remains the same. 

The perceived magnitude of an object, therefore, dimi- 
nishes as the inclination of the axes becomes greater, while 
the distance remains the same ; and it increases, when the 
inclination of the axes remains the same, while the distance 
diminishes. When both these conditions vary inversely, as 
they do in ordinary vision when the distance of an object 
changes, the perceived magnitude remains the same^. 

Before I proceed further it will be proper to explain the 
meaning of some of the terras I employ. I call the magni- 
tude of the object itself, the real or objective magnitude ; the 

• Several cases of the alteration of tlie perceived magnitude of objects 
are mentioned by Dr. R. Smitb (Complete System of Optics, 1738, 
vol. ii. p. 388, and rem. 520 and 532) ; and Dr. R. Darwin (Philosophical 
Transactions, vol. Ixxvi. p. 313) observed that when an ocular spectrum 
was impressed on both eyes it appeared magnified wlien they were di- 
rected to a wall at a considerable distance. The facts noticed by these 
authors are satisfactorily explained by the above considerations. 
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magnitude of the picture on the retina, the retinal magni- 
tude ; and the magnitude we estimate the olyect to be from 
its retinal magnitude and the inclination of the optic axes 
conjointly, I name the perceived magnitude. I do not use 
the term apparent magnitude, because, according to its ordi- 
nary acceptation, it sometimes means what I call retinal, and 
at other times what I name perceived magnitude. 

AVe have seen in what manner our perccpticm of mag- 
nitude is modified bv the new associations which this in- 
strumoiit enables us to form; let us now examine how our 
perception of distance is aftceted by them. If we continue 
to ()l)servc the binocular picture whilst it apparently increases 
or decreases, in consequence of the inclination of the optic 
axes varying while the magnitude of the impressions on the 
retina remains the same, it docs not appear either to ajj- 
proach or to nfccde; and yet if we attentively reganl it in 
any fixed position, it is pi>rceived to be at a different distance. 
On the other hand, if we continue to regard the binocular 
picture, enlarging and diminishing in consequence of the 
change of retinal magnitude while the convergence of the 
axes remains the same, we perceive it to approach or recede 
in the most evident manner; but on fixing the attention to 
it, when it is stationary, at any instant, it appears to be at 
the same distance at one time as it is at another. 

Convergence of the oi)tie axes therefore suggests fixed 
distance to the mind ; variation of retinal magnitude sug- 
gests change of distance. "VVe may, as I have above sho^vn, 
perceive an object approach or recede without appearing to 
change its distance, and an object to be at a different distance 
without appearing to approach or recede ; these paradoxical 
effects render it difficult, until the phenomena are well 
apprehended, to know, or to express, what we actually do 
perceive. 

It is the prevalent opinion tliat the sensation which accom- 
panies the inclination of the optic axes immediately suggests 
d^|MM|| and that the perceived magnitude of an object is a 
^^^^^jyufiaing from our consciousness of its distance and 
V|itude of its picture on the retina. From the ex- 
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periments I have brought forward, it rather appears to me 
that what the sensation which is connected with the conver- 
gence of the axes inunediately suggests is a correction of 
the retinal magnitude to make it agree with the real mag- 
nitude of the object ; and that distance, instead of being a 
simple perception, is a judgment arising from a comparison 
of the retinal and perceived magnitudes. However this may 
be, unless other signs accompany this sensation the notion 
of distance we tlience derive is uncertain and obscure, whereas 
the perception of the change of magnitude it occasions is 
obvious and unmistakable. 

To see, in their full extent, the variations of magnitude 
exhibited by the instrument I have described, it is necessary 
to attend to the following observations. 

As the inclination of the optic axes corresponding to a dif- 
ferent distance is habitually, under ordinary circumstances, 
accompanied with the particular adaptation of the eyes re- 
quired for distinct vision at that distance, it is difficult to 
disassociate these two conditions so as to see with equal dis- 
tinctness the binocular picture when the optic axes are 
parallel and when they converge greatly, although the pic- 
tures remain, in both cases, at the same distance from the 
eyes. Tlie adaptation is therefore not entirely dependent 
on the divergence of the rays of light which proceed from 
the object regarded, but also, in some degree, on the inclina- 
tion of the optic axes. I have acquired by practice con- 
siderable power of adjustment, or rather disadjustment, of 
the eyes, and can, without having recourse to artificial means, 
see the binocular picture distinctly when its perceived mag- 
nitude is widely different. Those to whom such an effort is 
painful may employ short-sighted spectacles to see the bin- 
ocular picture when the eyes converge within the limit of 
distinct vision for the distance at which the pictures are 
placed ; and long-sighted spectacles when the eyes converge 
beyond that limit, or become parallel. 

There is a means of avoiding to a very considerable extent 
the influence of the adjustment of the eyes, and thereby en- 
abling the pictures to be seen distinctly within the entire 
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range of the inclination of the optic axes. This is by looking 
at the reflected images in the mirrors through two very 
minute apertures^ not larger than fine pin-holes^ placed near 
each eye, and illuminating the pictures by a very strong 
light ; sunshine in the middle of the day answers the pur- 
pose very well. By this expedient the divergence of the rays 
of light is greatly diminished, and the adaptation of the eyes 
does not materially influence the result. 

§18. 

Leaving this subject, I will now revert to the stereoscope 
and its cfifccts. 

Since 1838 numerous modifications of the stereoscope have 
occurred to me, and several ingenious arrangements have 
also been proposed by Sir David Brewster and Professor 
Dove; but there is no form of the instnimcnt which has so 
many advantages for investigating the phenomena of bin- 
ocular vision as the original reflecting stereoscope. Pictures 
of any size may be placed in it, and it admits of every kind 
of adjustment. 

I have constructed a very portable reflecting stereoscope 
which is represented at fig. 3 (Plate XX.) . The sides fold over 
the mirrors, and the mirrors then fold into a box, which is not 
larger than six inches in any of its dimensions. To avoid 
the second feeble reflection from the anterior surface of the 
silvered glass, which has a bad effect when the attention is 
attracted to it, I have sometimes employed reflecting prisms. 
The reflecting surfaces of the prisms should be silvered in 
order to obviate the imequal brightness of the field of view 
on each side of the limit of total reflexion ; and as it would 
be too costly to employ very large prisms, they should have 
an adjustment to accommodate their distance to the width 
between the eyes of the observer. 

I have, for many years past, employed also another means 
to occasion, without any straining of the eyes, the coinci- 
dence of the pictures, so that the image in relief shall appear 
of the same magnitude and at the same distance as the object 
which they represent would do if it were itself directly re- 
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garded. In this apparatus^ prisms being employed to deflect 
the rays of light proceeding from the pictures, so as to make 
them appear to occupy the same place, I have called it the 
refracting stereoscope. 

It is represented by fig. 4. It consists of a base 6 inches 
long and 4 inches broad, upon which stands an upright par- 
tition, 5 inches high, dividing it equally ; this partition is 
capable of extension by means of a slide to double the length, 
and carries at its upper extremity a board placed parallel to 
the base and of the same dimensions. In this upper board 
there are two apertures an inch square, one on each side of 
the partition, the centres of which are 2^ inches from each 
other; in these apertures are fixed a pair of glass prisms 
having their faces inclined 15°, and their refractive angles 
turned towards each other. The stereoscope pictures are to 
be placed on the base, and their centres ought not to exceed 
the distance of 2i inches. 

A pair of plate-glass prisms, their faces making with each 
other an angle of 12°, will bring two pictures, the corixj- 
spondiug points of which arc 2^ inches apart, to coincide at 
a distance of 12 inches, and a pair with an angle of 15° will 
occasion coincidence at 8 inches. 

The refracting stereoscope has the advantage of portability, 
but it is limited to pictures of small dimensions. It is well 
suited for Daguerreotypes, which are usually of small size, 
and, on account of the nature of their reflecting surface, 
must be viewed in a particular direction with respect to the 
light which falls upon them ; whereas in the reflecting ste- 
reoscope it is somewhat difficult to render the two Daguerreo- 
types equally visible. For drawings and Talbotypes it, how- 
ever, oflers no advantages, though it is equally well suited 
for them when their dimensions are small. 

Stereoscopic drawings afibrd a means of illustrating works 
with figures of three dimensions, instead of with mere plane 
representations. Works on crystallography, solid geometry, 
spherical trigonometry, architecture, machinery, &c. might 
be thus rendered more instructive, from the perfect counter- 
part of the solid figure seen from a single point of view being 
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represented instead of merely one of its plane projections. 
For this purpose the corresponding binocular figures mast 
be engraved in parallel vertical columns, and their coalescence 
may be effected by viewing them through a pair of prisms, 
similar to those employed in the refracting stereoscope, placed 
in a frame at the proper distance from each other. If the 
engravings should be less than 2^ inches apart, the prisms 
may be dispensed with by persons who have command over 
the adaptation of their eyes, particularly if they be short- 
sighted. 

§19. 

At the date of the publication of my experiments on bin- 
ocular vision, the brilliant photographic discoveries of Talbot, 
Niepce, and Daguerre had not been announced to the world. 
To illustrate the phenomena of the stereoscope I could there- 
fore, at that time, only employ drawings made by the hands 
of an artist. Mere outline figures, or even shaded perspec- 
tive drawings of simple objects, do not present much diffi- 
culty ; but it is evidently impossible for the most accurate 
and accomplished artist to delineate, by the sole aid of his 
eye, the two projections necessary to form the stereoscopic 
relief of objects as they exist in nature with their delicate 
differences of outline, light, and shade. What the hand of 
the artist was unable to accomplish, the chemical action of 
light, directed by the camera, has enabled us effect. 

It was at the beginning of 1839, about six months after 
the appearance of my memoir in the Philosophical Trans- 
actions, that the photographic art became known, and soon 
after, at ray request, Mr. Talbot, the inventor, and Mr. 
CoUen (one of the first cultivators of the art) obligingly pre- 
pared for me stereoscopic Talbotypes of full-sized statues, 
buildings, and even portraits of living persons. M. Quetelet, 
to whom I communicated this application and sent speci- 
mens, made mention of it in the Bulletins of the Brussels 
Academy of October 1841. To M. Fizeau and M. Claudet 
I was indebted for the first Daguerreotypes executed for the 
stereoscope. The beautiful stereoscopic representations of 
statuary, architecture, machinery, natural history specimens. 
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portraits of living persons, single and in groups, &c., which 
have recently been produced by M. Soleil and M, Claudet, 
are now too well knovni to the public to need more than a 
slight reference to them. 

"With respect to the means of preparing the binocular pho- 
tographs (and in this general term I include both Talbotypes 
and Daguerreotypes), little requires to be said beyond a few 
directions as to the proper positions in which it is necessary 
to place the camera in order to obtain the two required pro- 
jections. 

We will suppose that the binocular pictures are required 
to be seen in the stereoscope at a distance of 8 inches before 
the eyes, in which case the convergence of the optic axes is 
about 18°. To obtain the proper projections for this dis- 
tance, the camera must be placed, with its lens accurately 
directed towards the object, successively in two points of the 
circumference of a circle of which the object is the centre, 
and the points at which the camera is so placed must have 
the angular distance of 18° from each other, exactly that of 
the optic axes in the stereoscope. The distance of the camei*a 
from the object may be taken arbitrarily ; for, so long as the 
same angle is employed, whatever that distance may be, the 
pictures will exhibit in the stereoscope the same relief, and 
be seen at the same distance of 8 inches, only the magnitude 
of the picture will appear diflFercnt. Miniature stereoscopic 
representations of buildings and full-sized statues are there- 
fore obtained merely by taking the two projections of the 
object from a considerable distance, but at the same angle as 
if the object were only 8 inches distant, that is, at an angle 
of 18°. 

To produce the best effect, it is necessary that the pictures 
be so placed in the stereoscope that each eye shall see its 
respective picture at the proper point of sight : if this con- 
dition be not attended to, the binocular perspective will be 
incorrect. 

For obtaining binocular photographic portraits, it has been 
foimd advantageous to employ, simultaneously, two cameras 
fixed at the proper angular positions. 
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I subjoin a Table of the inclinations of the optic axes 
which correspond to different distances; it also shows the 
angular positions of the camera: required to obtain binocular 
pictures which shall appear at a given distance in the stereo- 
scope in their true relief. 



Inclination of the ox>tio axel 
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The distance is equal to - cotang - ; a denoting the dis- 

tance between the two eyes, and the inclination of the 
optic axes. 

§20. 

As the inclination of the optic axes diminishes by the 
removal of an object to which they are directed to a greater 
distance, not only does the magnitude of the pictures pro- 
jected by it on the retinae proportionately diminish, but the 
dissimilarity of the pictures becomes less. The difference of 
distance between any two points of each of the pictures will 
diminish until the projections become sensibly similar. 
Under the usual circumstances attending the vision of a solid 
object placed at a given distance, a particular inclination of 
the axes is invariably accompanied by a specific pair of dis- 
similar projections ; and if the distance be changed, a dif- 
ferent inclination of the axes is accompanied by another pair 
of projections ; but, by means of the stereoscope, we have it 
within our power to associate these circumstances abnor- 
mally, and to cause any degree of inclination of the axes to 
coexist with any dissimilarity of the two pictures. To ascer- 
tain experimentally what takes place under these circum- 
stances, M. Claudet prepared for me a number of Daguerreo- 
types of the same bust, taken at a variety of different angles^ 
so that I was enabled to place in the stereoscope two pictures 
taken at any angular distance from 2° to 18°, the former 
corresponding with a distance of about 6 feet, and the latter 
with a distance of about 8 inches. The effect of a pair of 
near projections seen with a distant convergence of the optic 
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axes is to give an undue elongation to lines joining two un- 
equally distant points^ so that all the features of a bust 
appear to be exaggerated in depth. The effect, on the con- 
trary, of a pair of distant projections seen with a near 
convergence of the axes is to give an undue shortening to 
the same lines^ so that the appearance of a bas-relief is ob- 
tained from the two projections of the bust. The apparent 
dimensions in breadth and height remain in both cases the 
same. i *^ 

§21. 

To reproduce the conditions of the binocular vision of a 
solid object as completely as possible by means of its two 
plane projections, it is necessary, as I have before stated, 
that the projections shall be such as correspond exactly with 
the inclination of the optic axes under which they are viewed. 
I have already shown in § 20 what takes place when this 
condition is not strictly observed, and I may add that the 
mind is not unpleasantly affected by a considerable incon- 
gruity in this respect ; on the contrary, the effect in many 
cases seems heightened by viewing the solid appearance, in- 
tended for a determinate degree of inclination of the axes, 
under an angle several degi'ces less ; the reality is as it were 
exaggerated. When the optic axes are parallel, in strictness 
there should be no difference between the pictures presented 
to each eye, and in this case there would be no binocular 
relief; but I find that an excellent effect is produced when 
the axes are nearly parallel by pictures taken at an inclina- 
tion of 7° or 8°, and even a difference of 16° or 17° has no 
decidedly bad effect. 

This circumstance enables us to combine the ideal ampli- 
fication arising from viewing pictures placed near the eyes 
under a small inclination, or even parallelism, of the optic 
axes mentioned in § 17, with the perception of solidity arising 
from the dissimilarity of the projections ; for this purpose, 
the pictures in the refracting stereoscope, or their reflected 
images in the reflecting instrument, must be viewed through 
lenses the focal distance of which is equal to the distance 
between them and the pictures ; the perceived magnitude of 
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the binocular image will increase with the nearness of the 
pictures, and depends almost entirely on the disassociation 
of the retinal magnitude from its usually accompanying in- 
clination of the optic axes, the actual magnifying-power of 
the lenses having a very small influence. 

The sole use of the lenses is to render the rays of light 
parallel, which it is necessary they should be for distinct 
vision when the optic axes are parallel. Wlien the reflecting 
stereoscope is employed, this means of magnifying the effect 
is not of much utility, as pictures of any size may be adapted 
to that instrument. But in the case of the refracting stereo- 
scope it may be advantageously made use of. By combining 
lenses 'with the refracting stereoscope, described in § 18, 
Daguerreotypes somewhat wider than the width between the 
eyes may be employed. Sir David Brewster has used, to 
effect the same purpose, semi-lenses with their edges directed 
towards each other, which serve at the same time to render 
the rays less convergent and slightly to displace the pictures 
towards each other. Two corresponding Daguerreotypes, 
each not exceeding in breadth the width between the eyes, 
being placed close tq each other, and viewed with lenses of 
short focal distance, will, even without the aid of the prisms, 
give an apparently highly magnified binocular image in bold 
relief. 

There is a peculiarity in such images worthy of remark ; 
although the optic axes are parallel, or nearly so, the image 
does not appear to be referred to the distance we should, 
from this circumstance, suppose it to be, but it is perceived 
to be much nearer, and indeed more so, as the pictures are 
nearer the eyes, though the inclination of the optic axes 
remains the same, and should therefore suggest the same 
distance ; it seems as if the dissimilarity of the projections, 
corresponding as they do to a nearer distance than that 
which would be suggested by the former circumstance alone, 
alters in some degree the perception of distance. 

I recommend, as a convenient arrangement of a refracting 
stereoscope for viewing Daguerreotypes of small dimensions, 
the instrument represented, PI. XX. fig. 4, shortened in its 
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length from 8 inches to 5^ and lenses of 5 inches focal dis- 
tance placed before and close to the prisms. 

§22. 

I now proceed to another subject — to the consideration of 
those phenomena which I have termed Conversions of Relief. 

In § 5 of my first memoir I noticed the remarkable cir- 
cumstance, that when the drawing intended to be seen by 
the right eye is presented to the left eye in the stereoscope, 
and vice versd, a totally different solid figure is perceived to 
that seen before the transposition. I called this the converse 
figure, and showed that it differs from the normal figure in 
the circumstance that those points which appear the most 
distant in the latter, appear the nearest in the former. 

The pictures being, in the first place, presented directly to 
their corresponding eyes, as in the refracting stereoscope, 
and exhibiting therefore the resultant image in its normal 
relief, the conversion of the relief may be effected in three 
different ways, — 1st, by transposing the pictures from one 
eye to the other, as mentioned above ; 2ndly, by reflecting 
the pictures, while they remain presented to the same eye, 
as in the reflecting stereoscope ; and 3rdly, by inverting the 
position of the pictures without transposing them. 

The following considerations will explain the cause of the 
conversion of relief in the preceding cases. 

If two difierent objects, or parts of an object (fig. 5 a), have 
a greater lateral distance between them on the right-hand 
picture than that which they have on the left-hand picture, 
the optic axes must converge more to make the left-hand 
than to make the right-hand objects coincide, and the left- 
hand object will appear the nearest. 

If the pictures be now transposed from one eye to the 
other (fig. 5 a'), the greatest distance will be between the cor- 
responding points of the picture presented to the left eye ; 
the optic axes must therefore converge less to make the left- 
hand objects coincide, and the right-hand object will appear 
the nearest. 

If the pictures, remaining untransposed, be each separately 
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reflected (fig. 5 b), the relative distances of the corresponding 
objects remain the same to each eye^ and the left-hand object 
will still appear nearest ; but in consequence of the lateral 
inversion of the objects in each picture by reflection^ that 
which was previously on the left will now be on the rights 
and therefore the object which before appeared nearest will 
now appear furthest. 

When the pictures are turned upside down^ still remaining 
uu transposed (fig. 5 c), the objects are reversed with respect 
to the right and left^ in the same manner as they are when 
reflected^ and the lateral distances between the objects re- 
maining the same to each eye^ precisely the same conversion 
of relief is produced as in the preceding case^ except that the 
^ resultant image is inverted. The diagram (fig. 5) represents 
all the possible changes of the two binocular pictures ; those 
marked N show the normal relief^ and those marked C the 
converse relief. 

But it may be asked why, if the reflexion or inversion of 
the binocular pictures of an object gives rise to the mental 
idea of the converse relief, the same converse relief is not 
observed when the object itself is reflected in a mirror or 
inverted. The reason is this : that in the former cases the 
projections to each eye are separately reflected or inverted, 
still remaining presented to the same eye, whereas, by the 
reflexion or inversion of the object itself, not only are the 
projections reflected or inverted, but they are also transposed 
from one eye to the other ; and these circumstances occurring 
simultaneously reproduce the normal relief. 

Fig. 6 will render this evident in the case of reflexion : A 
is the object, B its reflection in the mirror CD ; RB and LB 
are the directions in which the right and left eyes view the 
reflected image respectively, and /A and rA the directions in 
which the eyes would view the corresponding face of the 
object directly. 

In the case of an inverted object, it is obvious that that 
projection which was before seen by the right eye must be 
seen by the left eye, and the contrary. 

It is possible to make this normal or converse relief appear 
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while one of the pictures remains constantly presented to the 
same eye. This result may be thus obtained. Having taken 
a photograph of the object, which should be one the converse 
of which has a meaning, take two others at the same angular 
distance (say 18°), one on the right side, the other on the 
left side of the original. Of the three pictures thus taken, if 
the middle one be presented to the right eye, and the left 
picture to the left eye, a normal relief will be seen ; but if 
the right picture be presented to the left eye, the other re- 
maining unchanged, a converse relief will be seen. In like 
manner, if the middle picture be presented to the left eye, 
and the right picture to the right eye, a normal relief will 
appear ; but if the left picture be presented to the right eye, 
the converse relief will present itself. It must be observed 
that the normal and converse reliefs, when the same picture 
remains presented to the same eye, belong to two diflerent 
positions of the object. 

§23. 

Hitherto I have taken into consideration only those cases 
of the conversion of relief which are exhibited by binocular 
pictures in the stereoscope when they are transposed, re- 
flected, or inverted : I shall now proceed to show how pheno- 
mena of the same kind may be elicited by regarding objects 
themselves, by means of an instrument adapted for the pur- 
pose. As this instrument conveys to the mind false percep- 
tions of all external objects, I have called it the Pseudoscope. 
It is represented by fig. 7, and is thus constructed : tjFO rect- 
angular prisms of flint glass, the faces of which are 1*2 inch 
square, are placed in a frame with their hypothenuses pa- 
rallel and 2*1 inches from each other; each prism has a 
motion on an axis corresponding with the angle nearest the 
eyes, that they may be adjusted so that their bases may have 
any inclination towards each other ; and the frame itself is 
adjustable by a hinge at a, in order to bring the prisms 
nearer each other to suit the eyes of the observer. 

The instrument being held to the eyes, and adjusted to an 
object so that it shall appear single, each eye will see a re- 
flected image of that projection of the object which would be 

t2 
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seen by the same eye without the pseudoscope. This is 
exactly the contrary of what occurs when the eyes regard the 
reflected image of an object in a looking-glass ; the left eye 
then sees the reflected image of the right-hand projection^ 
and the right eye the reflected image of the left projection, 
as shown by fig. 6. 

Plane mirrors cannot be substituted for the reflecting 
prisms^ for this reason : the refraction of the rays of light at 
the incident and emergent surfaces of the prisms enables the 
reflexion of an object to be seen when the object is even 
behind the prolongation of the reflecting surface, as shown 
at fig. 8, and thus the reflected binocular image may be seen 
in the same place as the object itself, whereas the images 
cannot be made by means of plane mirrors thus to coincide. 

When tne pseudoscope is so adjusted as to see a near object 
while the optic axes are parallel, to view a more distant object 
with the same adjustment, the axes must converge, and the 
more so as the object is more distant ; all nearer objects than 
that seen when the axes are parallel will appear double, 
because the optic axes can never be simultaneously directed 
to them. If this instrument be so adjusted that very distant 
objects are seen single when the eyes are parallel, all nearer 
objects will appear double, because the optic axes can never 
converge to make their binocular images coincide. If the 
attention is required to be directed to an object at a par- 
ticular distance, the best mode of viewing it with the pseudo« 
scope is to adjust the instrument so that the object shall 
appear at the proper distance and of its natural size. In this 
case the more distant objects will appear nearer and smaller 
and the nearer objects will appear more distant and lai^r. 

In ordinary vision, whenever the distance of an object 
varies, the magnitude of the picture on the retina, and the 
degree of convergence of the optic axes, always maintain a 
constant relation to each other, both increasing or decreasing 
together, and the perceived magnitude, suggesting to the 
mind the real magnitude of the object, in consequence thereof 
remains the same. The instrument I described in § 17 shows 
what illusions arise when the usual relations of these ele- 



ON THE PHYSIOLOGY OF VISION. 277 

mcnts of our perceptions are disturbed^ by causing one to 
remain constant while the other varies. The pseudoscope 
exhibits the still more curious illusions which result from 
combining these elements inversely; so that as an object 
becomes nearer^ its larger picture on the retina is accom- 
panied by a less convergence of the optic axes. With the 
pseudoscope we have a glance, as it were, into another visible 
world, in which external objects and our internal perceptions 
have no longer their habitual relation with each other. 

I will now proceed to describe some of the illusions pro- 
duced by the aid of this instrument. Those which may be 
strictly designated conversions of relief, in which the illusive 
appearance has the same relation to that of the real object as 
a cast to a mould, or a mould to a cast, arc very readily per- 
ceived. I must, however, remark, that it is necessary to illu- 
minate the object equally, so as to allow no lights or shades 
to appear upon them ; for their presence has a considerable 
influence on the judgment, and is one of the principal causes 
of the perception of the proper relief when a single eye is 
employed. 

The inside of a tea-cup appears as a solid convex body ; 
the effect is more striking if there are painted figures within 
the cup. 

A china vase, ornamented with coloured flowers in reliefs 
presents a very remarkable appearance ; we apparently see a 
vertical section of the interior of the vase, with painted 
hollow impressions of the flowers. 

A small terrestrial globe appears as a concave hemisphere ; 
on turning it round on its axis, it was curious to see different 
portions of the spherical map appear and disappear in a 
manner that nothing in external nature can imitate. 

A bust regarded in front becomes a deep hollow mask; 
the appearance when regarded in profile is equally striking. 

A framed picture hanging against a wall appears as if im- 
bedded in a cavity made in the wall. 

A medal, or the impression of a seal, is perfectly con- 
verted into a representation of the die from which it has been 
struck ; and, on the other hand, the mould or die of a medalj 
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or an engraved seal^ becomes a facsimile of the medal or 
raised impression. It will also be observed that if the medal 
be placed on a flat surface^ as a sheet of paper^ it will appear 
sunk beneath the surface ; and if it be placed in a hollow of 
the same size it will appear to stand above the surface as 
much as it actually is below it. 

These appearances are not always immediately perceived, 
and some much more readily present themselves than others. 
Those converse forms which have a meaning, and resemble 
real forms we have been accustomed to see, are those which 
are the most easily apprehended. Viewed with the pseudo- 
scope, notwithstanding the inversion of the pictures on the 
retina, the natural appearance of the object continues to in- 
trude itself^ when sometimes suddenly, and at other times 
gradually, the converse occupies its place. The reason of 
this is, that the relief and distance of objects is not suggested 
to the mind solely by the binocular pictures and the conver- 
gence of the optic axes, but also by other signs, which are 
perceived by means of each eye singly; among which the 
most effective arc the distributions of light and shade and 
the perspective forms which we have been accustomed to see 
accompany these appearances. One idea being therefore 
suggested to the mind by one set of signs, and another totally 
incompatible idea by another set, according as the mental 
attention is directed to the one and abstracted from the 
other, the noi*mal form or its converse is perceived. Tliis 
mental attention is involuntary ; no immediate effort of the 
will can call up one idea while the other continues to present 
itself, though the transition may be facilitated by intention- 
ally removing some of the signs which suggest the prepon- 
derating idea; thus the converse form being perceived, 
closing either eye will most frequently cause an instant re- 
version to the normal form ; and always, if the monocular 
signs of relief are sufficiently suggestive. 

I know of nothing more wonderful, among the phenomena 
of perception, than the spontaneous successive occurrence of 
these two very different ideas in the mind, while all external 
circumstances remain precisely the same. Thus a small 
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statuary group, an elegant and beautiful object, without any 
apparent cause becomes converted into another totally dis- 
similar object uncouth in appearance, and which gives rise 
to no agreeable emotions in the mind ; yet in both cases all 
the sensations that intervene between objective reality and 
ideal conception continue unchanged. 

The effects of the pseudoscope I have already mentioned 
may be strictly called conversions of relief, because the illu- 
sive appearance is in each case the converse impression of 
the relief of the real object. If, however, the object consists 
of parts detached from and behind each other, the preceding 
term is inappropriate to denote the effects which result, but 
the more general expression conversion or inversion of dis- 
tance may be employed to designate them. I. proceed to call 
attention to a few such effects. 

Skeleton figures of geometrical solids, as cubes, pyramids, 
&c., readily show their converse. 

Two objects at different distances, being simultaneously 
regarded, the most remote will appear the nearest and the 
nearest the most remote. 

An ivory foot-rule, held immediately before the eyes a 
little inclined to the horizon with its remote end elevated, 
appears inclined in the opposite way, its nearer end elevated, 
and as if the observer were looking at its lower surface. Its 
form also undergoes a change. Since the nearest end, the 
retinal magnitude of which is the largest, appears farthest 
from the eyes, and the farthest end, the retinal magnitude 
of which is least, appears near the eyes, the rule will no 
longer be perceived to be rectangular, but trapezoidal. If 
the rule be placed horizontally, and it be regarded with the 
pseudoscope at an angle of 45°, it will appear with the form 
just described standing vertically. 

Any object placed before the wall of a room will appear 
behind the wall, and as if an aperture of the proper dimen- 
sions had been made in the wall to allow it to be seen ; if 
the object be illuminated by a candle, its shadow will appear 
as far before the object as in reality it is behind. 

The appearance of a plant is very remarkable; as the 
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branches which are furthest from the eye are perceived to be 
the nearest, those parts which are actually obscured by the 
branches before them, appear broken away and allow the 
parts apparently behind them to be seen. A flowering shrab 
before a hedge appears to be transferred behind it; and a 
tree standing outside a window may be brought visibly 
within the room in which the observer is standing. 

I have before observed that the transition from the normal 
to the converse perception is often gradual ; I will give one 
instance of this as an illustration. The object was a page of 
medallions embossed on card-board, and the raised impres- 
sions were protected from injury by a thick piece of mill- 
board having apertures in it made to correspond to each 
medallion. The page was placed horizontally, illuminated 
by a candle placed beyond it, and looked at through the 
pscudoscope at an angle of 45°; for the first moment the 
page appeared as it would have done without the instrument ; 
soon after the medallions appeared level with the upper sur- 
face, and the shadows on the upper parts of the circular 
apertures were converted into deep depressions as if cut out 
with a tool; they next, from horizontal, became vertical, 
each standing erect on the horizontal plane, and immediately 
afterwards the reliefs were all changed into hollows ; finaUy^ 
the page itself stood vertical, but with that change of form 
which I indicated in the case of the rule, the upper edge 
appearing much shorter than the lower edge ; the series of 
changes being now complete, the final form remained con- 
stant as long as the object was regarded. . 
^ In endeavouring to analyse the phenomena of converse 
perception, it must be borne in mind that the transposition 
of distances has reference only to distances from the retinse, 
not to absolute horizontal distances in space. Thus, if a 
straight ruler be held in the vertical plane perpendicular to 
the optic base, and also inclined 45° to the horizon so that 
its upper end shall be the most distant, when the eyes are 
directed horizontally towards it, the rule will appear exactly 
in the converse position. If the rule be now removed lower 
down in the same vertical plane, its inclination remaining 
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unchanged^ so that to look upon it the plane of the optic 
axes must be inclined 45°, it will appear unaltered in position, 
because its two pictures are parallel on the retina, and the 
optic axes would require the same convergence to make the 
upper and lower ends coalesce. The rule being removed still 
lower down, instead of its position being apparently reversed, 
it will appear to have a greater inclination on the same side 
than the object itself has. In the first case the more distant 
end is actually furthest from the eyes ; in the second, the 
near and remote ends are equally distant ; and in the third 
the nearest end is most distant. 

Attention to what I have just stated will explain many 
anomalous circumstances which occur when the eyes are dif- 
ferently directed towards the same object. It may also be 
necessary to remark that the conversion of distance takes 
place only within those limits in which the optic axes sensibly 
converge, or the pictures projected on the retinae are sensibly 
dissimilar. Beyond this range there is no mutual transposi- 
tion of the apparent distances of objects with the pseudo- 
scope ; a distant \4ew therefore appears unchanged. 

Some very paradoxical results are obtained when objects 
in motion are viewed through the pseudoscope. When an 
object approaches, the magnitude of its picture on the retinae 
increases as in ordinary vision; but the inclination of the 
optic axes, instead of increasing, becomes less, as I have 
already explained. Now an enlargement of the picture on 
the retina invariably suggests approach, and a less conver- 
gence of the optic axes indicates that the object is at a 
greater distance ; and we have thus two contradictory sug- 
gestions. Hence if two objects be placed side by side at a 
certain distance before the eyes, and one of them be moved 
forwards, so as to vary its distance from the other, its con- 
tinually enlarging picture on the retina makes it appear to 
come towards the eyes, as it actually docs, while at the same 
time it appears at every step at a greater distance beyond 
the fixed object; from one suggestion the object appears to 
approach, from the other to have receded. I again observe 
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that retinal magnitude does not itself suggest distance^ but 
from its changes we infer changes of distance. 

I have hitherto only described the pseudoscope constructed 
with two reflecting prisms. This is the most convenient ap- 
paratus for effecting the conversion of distance and relief 
that has occurred to me; but other means may be employed, 
which I will briefly mention. 

1st. Two plane mirrors are placed together so as to form a 
very obtuse angle towards the eyes of the observer ; imme* 
diately before them the object is to be placed at such distance 
that a reflected image shall appear in each mirror. The eyes 
being placed before and a little above the object, must be 
caused to converge to a point between the object and the 
mirrors ; the right-hand image of the left eye will then unite 
with the left-hand image of the right eye, and the converse 
relief will be perceived. Tlie disadvantages of this method 
are that only particular objects can be examined, and it re- 
quires a painful adaptation of the eye to distinct vision. 

2ndly. Place between the object and each eye a lens of 
small focal distance, and adjust the distances of the object 
and the lenses so that distinct inverted images of the object 
shall be seen by each eye ; on directing the eyes to the place 
of the object, the two images will unite, and the converse 
relief be perceived. As the rays of light proceeding from 
the images have a greater divergence than those which would 
proceed from the point to which the optic axes are directed, 
long-sighted persons will see the binocular image more dis- 
tinctly by wearing a pair of short-sighted spectacles. In 
this experiment the field of view is very small, on account of 
the distance at which it is necessary to place the lenses from 
the eyes ; but I have been enabled in this manner to see 
beautifully the converse relief of a small ivory bust and of 
other small objects, which, however, should be inverted in 
order to see them direct. 

3rdly. The inverted images of the lenses, instead of being 
received immediately by the eyes, as just described, may be 
thrown on a plate of ground glass, as in the case of the ordi- 
nary camera-obscura, and may be then caused to unite by 
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the means employed in any form of the refracting stereo- 
scope. 

§24. 

The cases of the conversion of relief when the object is 
regarded with one eye only, some of which were known more 
than a century ago, were taken into consideration and en- 
deavoured to be explained by me in § 11 of the first part of 
this memoir, and Sir David Brewster* has published some 
interesting and instructive observations on the same subject ; 
I will therefore not revert to this matter here, but only to 
say that I have myself never observed the conversion of relief 
when looking with both eyes immediately on a solid object, 
and if it has been observed by others under such circum- 
stances, I should be inclined to attribute the effect to an in- 
equality in the impressions on the two eyes so that one only 
is attended to. But the plane shaded representation of a 
solid object, the relief of which is not very deep, may easily 
be made to appear at will, either as the solid which it is in- 
tended to represent or as its converse, even when both eyes 
are employed. This effect is strikingly observed in the glyp- 
tographic engravings of medals of low relief, and depends 
entirely on whether the light is so placed that it would cast 
the same shadows on the real object as are represented in 
the picture, or that it would cast shadows in the opposite 
direction. In the former case the picture appears with the 
relief it was intended to suggest ; in the latter with the con- 
verse relief. I have observed similar effects with Daguerreo- 
types of medallions and cameos^ aind with carefiilly shaded 
drawings of simple objects. 

• Transactions of the Royal Society of Edinburgh, vol. xv. pp. 366 & 657. 
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On a singular Effect of tlie Juxtaposition of certain 
Colours under particular circumstances. 

[From the ' Report of the British Association/ 1844, p. 10.] 

Having had his attention drawn to the fact^ that a carpet 
worked with a small pattern in green and red, when illumi* 
nated with gas-light^ if viewed carelessly, produced an effect 
upon the eye as if all the parts of the pattern were in 
motion, he was led to have several patterns worked in various 
contrasted pairs of colours ; and he found that in many of 
them the motion was perceptible, but in none so remarkably 
as thoae in red and green ; it appeared also to be necessary 
that the illumination should be gas-light, as the effect did 
not appear to manifest itself in daylight, at least in diffused 
daylight. He accounted for it by the eye retaining its sen- 
sibility for various colours during various lengths of time. 
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On a means of determining the apparent Solar Time 
by the Diurnal Changes of the Plane of Polarization 
at the North Pole of the Sky. 

[From the 'Report of the British Association/ 1848, pp. 10-12.] 

A SHORT time after the important discovery by Mains of the 
polarization of light by reflexion, it was ascertained by Arago 
that the light reflected from different paints of the sky was 
polarized. The observation was made in clear weather with 
the aid of a thin film of mica and a prism of Iceland spar ; 
he saw that the two images projected on the sky were in 
general of dissimilar colours, which appeared to vary in in- 
tensity with the hour of the day and with the position, in 
relation to the sun, of the part of the sky from which the 
rays fell upon the film. The first attempt to assign a law to 
the phenomena of atmospheric polarization was made by 
Professor Quetelet of Brussels in 1825 in the following 
terms : — " If the observer consider himself as placed in the 
centre of a sphere of which the sun occupies one of the poles, 
the polarization is at its maximum at the different points of 
the equator of this sphere, and goes on diminishing in the 
ratio of the squares of the sines unto the poles where it is at 
zero.'^ This law would be true did the reflected light pro- 
ceeding from the part of the sky regarded arise solely from 
the direct light of the sun sent to that part ; but other secon- 
dary reflexions occur which complicate the result and give 
rise to the neutral points since discovered by Arago, Babinet, 
and Brewster. But for the purpose of explaining the prin- 
ciple of the instrument now submitted to the examination of 
the Section, we need not take into consideration the intensity 
of the polarization of the part of the sky to which it is di- 
rected; the plane of polarization for the time being is the 



286 ON DETERMINING SOLAR TIME BY PLANE 

only thing we need concern ourselves about^ and a very 
simple expression, stated first, I believe, by M. Babinet^ 
defines the position of this plane for any given point of the 
sky j it is this : — " For a given point of the atmosphere the 
plane of polarization of the portion of polarized light which 
it sends to the eye coincides with the plane which passes 
through this point, the eye of the observer and the sun/' 
The truth of this law may be easily demonstrated without 
any refined apparatus in the following manner: — Let the 
observer be provided with a Nicol's prism and a plate of Ice- 
land spar cut perpendicularly to the axis, and stand with his 
back towards the sun ; keeping the diagonal of the prism 
always in the same vertical plane, let him direct it succes- 
sively to every point of the sky within that plane ; the inten- 
sity of the polarization indicated by the brightness of the 
coloured image will vary very considerably at these different 
points, but the plane of polarization indicated by the upright 
position of the black or white cross, as the case may be, will 
remain unchanged. I leave out of consideration for the pre- 
sent the inversion of the plane of polarization observed occa- 
sionally near the horizon below the neutral point. 

If we direct our analysing apparatus to the zenith during 
the whole day, the change in the plane of polarization of 
that point of the sky will correspond with the azimuths of 
the sun. Let us now turn our attention to the north pole 
of the sky : as the sun in its apparent daily course moves 
equably in a circle round this pole, it is obvious that the 
planes of polarization at the point in question change exactly 
as the positions of the hour-circles do. The position of the 
plane of polarization of the north pole of the sky will at any 
period of the day therefore indicate the apparent or true 
solar time. The point of intersection of the hour-circles, or 
the north pole of the sky, corresponds on only two days of 
the year with the maximum intensity of polarization ; these 
days are the equinoxes ; on all other days the points of max« 
imum polarization of the respective hour-circles describe a 
circle round the point of intersection ; but the angular dis- 
tance thereof, which is great^t at the solstices^ never exceed- 
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ing 23^ 28'^ the polarization has always sufficient intensity to 
exhibit brilliant colours in films of selenite^ &c. 

These points being premised^ I proceed to describe the 
new instrument^ which I have called the Polar Clock or Dial. 
It is thus constructed. At the extremity of a vertical pillar 
is fixed^ within a brass ring^ a glass disk^ so inclined that its 
plane is perpendicular to the polar axis of the earth. On 
the lower half of this disk is a graduated semicircle divided 
into twelve parts (each of which is again subdivided into five 
or ten parts) ^ and against the divisions the hours of the day 
are marked^ commencing and terminating with vi. "Witliin 
the fixed brass ring containing the glass dial-plate^ the broad 
end of a conical tube is so fitted that it freely moves round 
its own axis ; this broad end is closed by another glass disk^ 
in the centre of which is a small star or other figure, formed 
of thin films of selenite, exhibiting when examined with 
polarized light strongly contrasting colours ; and a hand is 
painted in such a position as to be a prolongation of one of 
the principal sections of the crystalline films. At the smaller 
end of the conical tube a Nicolas prism is fixed so that either 
of its diagonals shall be 45^ from the principal section of the 
selenite films. The instrument being so fixed that the axis 
of the conical tube shall coincide with the polar axis of the 
earth, and the eye of the observer being placed to the NicoPs 
prism, it will be remarked that the selenite star will in 
general be richly coloured, but as the tube is turned on its 
axis the colours will vary in intensity, and in two positions 
will entirely disappear. In one of these positions a small 
circular disk in the centre of the star will be a certain colour 
(red for instance), while in the other position it will exhibit 
the complementary colour. This efiect is obtained by placing 
the principal section of the small central disk 22^^ from that 
of the other films of selenite which form the star. The rule 
to ascertain the time by this instrument is as follows : the 
tube must be turned round by the hand of the observer until 
the coloured star entirely disappears while the disk in the 
centre remains red ; the hand will then point accurately to 
the hour. The accuracy with which the solar time may be 
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indicated by this means will depend on the exactness with 
which the plane of polarization can be determined; one 
degree of change in the plane corresponds with four minutes 
of solar time. 

The instrument may be furnished with a graduated qua- 
drant for the purpose of adapting it to any latitude; but if 
it be intended to be fixed in any locality^ it may be perma- 
nently adjusted to the proper polar elevation and the expense 
of the graduated quadrant be saved : a spirit-level will be 
useful to adjust it accurately. The instrument might be set 
to its proper azimuth by the sun's shadow at noon, or by 
means of a declination needle ; but an observation with the 
instrument itself may be more readily employed for this pur- 
pose. Ascertain the true solar time by means of a good 
watch and a time equation table, set the hand of the polar 
clock to correspond thereto, and turn the vertical pillar on 
its axis until the colours of the selenite star entirely disap- 
pear. The instrument then will be properly adjusted. 

The advantages a polar clock possesses over a sun-dial are : 
— 1st. The polar clock being constantly directed to the same 
point of the sky, there is no locality in which it cannot be 
employed, whereas, in order that the indications of a sun- 
dial should be observed during the whole day, no obstacle 
must exist at any time between the dial and the places of the 
sun, and it therefore cannot be applied in any confined situa- 
tion. The polar clock is consequently applicable in places 
where a sun-dial would be of no avail ; on the north side of 
a mountain or of a lofty building for instance. 2ndly. It 
will continue to indicate the time after sunset and before 
sunrise ; in fact, so long as any portion of the rays of the 
sun are reflected from the atmosphere. 3rdly. It will also 
indicate the time, but with less accuracy, when the sky is 
overcast, if the clouds do not exceed a certain density. 

The plane of polarization of the north pole of the sky 
moves in the opposite direction to that of the hand of a 
watch; it is more convenient therefore to have the hours 
graduated on the lower semicircle, for the figures will then 
be read in their direct order, whereas they would be read 
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backwards on an upper semicircle. In the southern hemi- 
sphere the upper semicircle should be employed, for the plane 
of polarization of the south pole of the sky changes in the 
same direction as the hand of a watch. If both the upper 
and lower semicircles be graduated, the same instrument will 
serve equally for both hemispheres. 

Several other forms of the polar clock were then described. 
The following is a description of one among them, which, 
though much less accurate in its indications than the pre- 
ceding, beautifully illustrates the principle. 

On a plate of glass twenty-five films of selenite of equal 
thickness arc arranged at equal distances radially in a semi- 
circle ; they are placed so that the line bisecting the prin- 
cipal sections of the films shall correspond with the radii 
respectively, and figures corresponding to the hours are 
painted above each film in regular order. This plate of glass 
is fixed in a frame so that its plane is inclined to the horizon 
38° 32', the complement of the polar elevation ; the light 
passing perpendicularly through this plate falls at the pola- 
rizing angle 56° 45' on a reflector of black glass, which is in- 
clined 18° 13' to the horizon. This apparatus being properly 
adjusted (that is, so that the glass dial-plate shall be perpen- 
dicular to the polar axis of the earth), the following will be 
the effects when presented towards an unclouded sky. At 
all times of the day the radii will appear of various shades of 
two complementary colours, which we will assume to be red 
and green, and the hour is indicated by the figure placed 
opposite the radius which contains the most red ; the half- 
hour is indicated by the equality of two adjacent tints. 
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Experiments on the Successive Polarization of lAghtj 
with the Description of a new Polarizing Apparatus. 

[From the 'Proceedings of the Royal Society/ 1871, vol. xix. pp. 381—389.] 

[Plato XXI.] 
I. 

The term successive polarization was applied by Biot to de- 
note the effects produced when a ray of polarized light is 
transmitted through a plate of rock-crystal cut perpendicu- 
larly to the axis, or through limited depths of certain liquids. 
In these cases the plane of polarization is found to be changed 
on emergence, and differently for each homogeneous ray ; so 
that, when white light is employed, on turning the analyzer 
round continuously in one direction different colours succes- 
sively appear, rising or falling in the scale according to the 
nature of the substance. 

If, while the analyzer is turned from left to right, the tints 
ascend (i.e. follow the order R, O, Y, G, B, P, V), the sub- 
stance is said to exhibit right-handed successive polarization ; 
but if the tints descend, the successive polarization is said 
to be left-handed. 

These phenomena were satisfactorily explained by Fresnel 
in the following way. The incident polarized ray, instead of 
resolving itself into two plane-polarized rays at right angles 
to each other, as in the ordinary cases of dipolarization, 
resolves itself in these instances into two circularly polarized 
rays, one right-handed, the other left-handed, which are 
transmitted with different velocities : each homogeneous ray, 
thus resolved into two opposite circularly polarized pencils, 
on emergence composes a ray polarized in a single plane, the 
deviation of which from the primitive plane of polarization 
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depends on the difference of phase of the two circularly 
polarized rays on emergence. 

The rotation of the planes of polarization is from left to 
right, or from right to left, according to whether the right- 
handed or left-handed circular rays are transmitted with the 
greater velocity. 

II. 

The term dipolarization, proposed by Dr. WhewcU to ex- 
press the bifurcation which a ray of polarized light suffers 
when it is transmitted through a crystallized plate, is a very 
appropriate one; but as there are different kinds of such 
separation, we may designate plane dipolarization the reso- 
lution into two plane-polarized rays at right angles to each 
other, and circular dipolarization the resolution into two 
circularly polarized rays, one right-handed, the other left- 
handed. In like manner, the term elliptic dipolarization may 
be employed to represent the phenomena shown by trans- 
mitting a polarized ray through a plate of rock-crystal ob- 
liquely to the axis. 

The object of the present communication is to make known 
another means of producing successive polarization, both 
right-handed and left-handed, which, equally with the well- 
known modes, may be proved to arise from the interference 
of two opposite systems of circularly polarized rays. 

III. 

The polarizing-apparatus which I have employed for the 
experiments I am about to detail is represented by PI. XXI. 

A plate of black glass, G, is fixed at an angle of 3°* to the 
horizon. The film to be examined is to be placed on a dia- 
phragm, D, so that the light reflected at the polarizing-angle 
from the glass plate shall pass through it at right angles 
and, after reflection at an angle of 18° from the surface of a 

• [Thus in the original; but this does not agree with the figure 
(Plate XXI.), nor with what is said in the text as to the subsequent 
path of the light. In a separate impression of this Article found among 
the author's papers, the figure 3 has been altered with a pen, apparently 
into 17, but the correction cannot be deciphered with certainty.] 

u2 
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pTilihkcd hilver plate S, shall proceed vertically upwards. X 
iH a Xir-ors pri»rn, or any other analyzer, placed in the path 
of thf; Hceond reflection. The diaphragm is furnished with a 
rinff, ino\able in its own plane, by which the crystalliied 
plate to \)i; examined in ay be placed in any azimuth. C is a 
Hmall movable Ktand, bv means of which the film to be ex- 
amirirrd may Y)e plae<;d in any azimuth and at any inclina- 
tion ; for tlie usual experiments this is removed. 

If a lamina of (|uartz cut parallel to the aus, and suffi- 
ciently thin to show the colours of polarized light, be placed 
upon the diaphra;;m so that its principal section {i.e, the 
Meetion eontuinin;^ the axis) shall Y>e 45' to the left of the 
plane of reflection^ on turning the analyzer from left to rights 
irihtciul of the alt(;rnation of two complementary colours at 
eaf;h (piadrant, wiiieh appear in the ordinary' polarizing-ap- 
paratuN, iiw. ])henoniena of successive polarization, exactly 
Niniilar to those exhibited in the ordinary' apparatus by a 
plate of (juartz rut perpendicular to the axis, will be exhi- 
bited ; the colours follow in the order R, O, Y, G, B, P, V, 
or, in otluT words^ ascend as in the case of a right-handed 
plate of (piartz cut perpendicularly to the axis. If the lamina 
})e now c'ither inverted or turned in its own plane 90°, 80 
that tli(; prineip;il section shall be 45^ to the right of the 
plane of refUu'tion, the succession of the colours will be 
ntversed, while tlu! analyzer moves in the same direction as 
before, presenting the same phenomena as a left-handed plate 
of (piariz cut i)erp(!n(lieularly to the axis. Quartz is a posi- 
tiv(; doubly refracting crystal; and in it consequently the 
ordinary indcjx of refraction is smaller than the extraordinary 
inclex. Hut if w<j tak(» a lamina of a negative crystal, in 
which the extraordinary index is the least, as a film of Ice- 
land spar s])lit parallel to one of its natural cleavages, the 
])henonu*na arc th(^ reverse of those exhibited by quartz : 
when the principal section is on the Irft of the plane of re- 
fl(M:tion the colours descend, and when it is on the riff hi of 
the same ])lane the colours ascend, the analyzer being turned 
from left to right. 

It has been determined that the ordinary ray, both in posi- 
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tive and negative crystals, is polarized in the principal sec 
tion^ while the extraordinary ray is polarized in the section 
perpendicular thereto. It is also established that the index 
of refraction is inversely as the velocity of transmission. It 
follows from the above experimental results, therefore, that 
when the resolved ray whose plane of polarization is to the 
left of the plane of reflection is the quickest the successive 
polarization is right-handed, and when it is the slowest the 
successive polarization is left-handed — in the order R, O, Y, 
G, B, P, V, and in the second case in the reversed order. 

The rule thus determined is equally applicable to laminse 
of biaxal crystals. 

As selenite (sulphate of lime) is an easily procurable 
crystal, and readily cleavable into thin laminae capable of 
showing the colours of polarized light, it is most frequently 
employed in experiments on chromatic polarization. The 
laminse into which this substance most readily splits contain 
in their planes the two optic axes; polarized light trans- 
mitted through such laminae is resolved in two rectangular 
directions, which respectively bisect the angles formed by 
the two optic axes : the line which bisects the smallest angle 
is called the intermediate section ; and the line perpendicular 
thereto which bisects the supplementary angle is called the 
supplementary section. These definitions being premised, if 
a film of selenite is placed on the diaphragm with its inter- 
mediate section to the left of the plane of reflection, the suc- 
cessive polarization is direct or right-handed; if, on the 
contrary, it is placed to the right of that plane, the succes- 
sive polarization is left-handed. The ray polarized in the 
intermediate section is therefore the most retarded ; and as 
that section is considered to be equivalent to a single optic 
axis, the crystal is positive. 

In one kind of mica the optic axes are in a plane perpen- 
dicular to the laminse. They are inclined 22^^ on each side 
the perpendicular within the crystal, but, owing to the re- 
fraction, are seen respectively at an angle of 35°'3 therefrom. 
The principal section is that which contains the two optic 
axes. K the film is placed on the diaphragm with its prin- 
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cipal section inclined 45° to the left of the plane of reflection^ 
the successive polarization is right-handed. The ray, there- 
fore, polarized in the section which contains the optic axes 
is the one transmitted with the greatest velocity. 

Films of uniaxal crystals, whether positive or n^ative, 
and of biaxal crystals, all agree therefore in this respect : — 
that if the plane of polarization of the quickest ray is to the 
left of the plane of reflection, the successive polarization is 
right-handed when the analyzer moves from left to right; 
and if it is to the right of the plane of reflection, other cir- 
cumstances remaining the same, the successive polarization 
is left-handed. 

It must be taken into consideration that the principal sec- 
tion of the film is inverted in the reflected image ; so that if 
the plane of polarization of the quickest ray in the film is to 
the left of the plane of reflection, it is to the right of that 
plane in the reflected image. 

IV. 

It may not be uninteresting to state a few obvious con- 
sequences of this successive polarization in doubly refracting 
laminee, right-handed and left-handed according to the posi- 
tion of the plane of polarization of the quickest ray. They 
are very striking as experimental results, and will serve to 
impress the facts more vividly on the memory. 

1. A film of uniform thickness being placed on the dia- 
phragm with its principal section 45° on either side the plane 
of reflection, when the analyzer is at 0° or 90° the colour of 
the film remains unchanged, whether the film be turned in 
its own plane 90°, or be turned over so that the back shall 
become the front surface ; but if the analyzer be fixed at 45°, 
135°, 225°, or 315°, complementary colours will appear when 
the film is inverted from back to front, or rotated in its own 
plane either way 90°. 

2. If a uniform film be cut across and the divided portions 
be again placed together, after inverting one of them, a 
compound film (fig. 4) is formed, which, when placed on the 
diaphragm, exhibits simultaneously both right-handed and 
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left-handed successive polarization. When the analyzer is 
at 0° or 90° the colour of the entire film is uniform ; as it is 
turned round the tints of one portion ascend^ while those 
of the other descend ; and when the analyzer is at 45® or 
n90° + 45°, they exhibit complementary colours. 

3. A film increasing in thickness from one edge to the 
other is well suited to exhibit at one glance the phenomena 
due to films of various thicknesses. It is well known that 
such a film placed between a polarizer and an analyzer will 
show, when the two planes are parallel or perpendicular to 
each other, and the principal section of tlie film is interme- 
diate to these two planes, a series of parallel coloured bands, 
the order of the colours in each band from tlie thick towards 
the thin edge being that of their refrangibilities, or R, O, Y, 
G, B, P, V. The bands seen when the planes are perpen- 
dicular are intermediate in position to those seen when the 
planes arc parallel ; on turning round the analyzer these two 
systems of bands alternately appear at each quadrant, while 
in the intermediate positions they entirely disappear. 

Now let us attend to the appearances of these bands when 
the wedge-form film is placed on the diaphragm of the in- 
strument, fig. 1. As the analyzer is moved round, the bands 
advance toward or recede from the thin edge of the wedge 
without any changes occurring in the coloui's or intensity of 
the light, the same tint occupying the same place at every 
half revolution of the analyzer. If the bands advance toward 
the thin edge of the wedge, the successive polarization of 
each point is left-handed; and if they recede from it the 
succession of colours is right-handed; every circumstance, 
therefore, that with respect to a uniform film changes right- 
handed into left-handed successive polarization, in a wedge 
of the same substance transforms receding into advancing 
bands, and vice versd. These phenomena are also beautifully 
shown by concave or convex films of selenite or rock-crystal, 
which exhibit concentric rings contracting or expanding in 
accordance with the conditions previously explained. 

4. Few experiments in physical optics are so beautiful and 
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striking as the elegant pictures formed by cementing laminie 
of selenite of different thicknesses (varying from ^^(Sfi to i^ 
of an inch) between two plates of glass. Invisible under 
ordinary circumstances, they exhibit, T^hen examined in the 
usual polarizing-apparatus^ the most brilliant coloiirs^ which 
are complementary to each other in the two rectangular po- 
sitions of the analyzer. Regarded in the instrument^ fig. 1, 
the appearances arc still more beautiful; for^ instead of a 
single transition^ each colour in the picture is successively 
replaced by every other colour. In preparing such pictures 
it is necessary to pay attention to the direction of the prin- 
cipal section of each lamina when different pieces of the 
same thickness are to be combined together to form a surface 
having the same uniform tint ; otherwise in the intermediate 
transitions the colours will be irregularly disposed. 

5. A plate of rock-crystal cut perpendicular to the axis 
loses its successive polarization^ and behaves exactly as an 
ordinary crystallized film through which rectilinear polarized 
light is transmitted. 

6. A thick plate of unannealed glass undergoes a series of 
regular transformations^ the principal phases of which are 
shown^ fig* 5. 

V. 

The phenomena of successive or rotary polarization I have 
experimentally demonstrated admit of a very simple expla- 
nation. 

The polarized light incident on the crystallized plate is 
resolved into two portions of equal intensity, polarized at 
right angles to each other, one in the principal section, the 
other perpendicular thereto. These resolved portions, when 
they fall on the silver plate, have their planes of pola- 
rization each at an azimuth of 45°, one to the right, the 
other to the left of the plane of reflection. These are again 
resolved in the plane of reflection and the plane perpen- 
dicular thereto, and are, in consequence of the unequal retar- 
dation, which in silver at an angle of 72° amounts to a 
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quarter of an undulation^ converted into circularly polarized 
beams^ one right-handed^ the other left-handed. 

The various homogeneous rays being accelerated differently 
in their transmission through the two sections of the crystal- 
lized plate, this difference is preserved after reflection from 
the silver plate, and the oppositely circularly polarized beams 
are reflected with the same difference of phase as the two 
plane-polarized rays arc when emerging from the crystallized 
lamina. The composition of two circular waves, one right- 
handed, the other left-handed, gives for resultant a plane 
wave the azimuth of which varies with the difference of phase 
of the two components. 

When the plane of polarization does not lie equally between 
the two rectangular sections of the laminae, these still remain- 
ing 45° from the plane of reflection of the silver plate, the 
beam is resolved into two unequal portions, the amplitudes 
of which are as sin a to cos a. Each therefore gives rise to 
a circular undulation of different amplitude. The resultant 
of two opposite circular undulations of diftcrent amplitudes 
is an ellipse of constant form, the axes of which vary in posi- 
tion according to the difference o£ phase. The same pheno- 
mena of successive polarization are therefore exhibited, in 
whatever azimuth the lamina is turned in its own plane ; but 
the tints become fainter and fainter until ultimately, when 
the principal or perpendicular section is parallel to the plane 
of reflection of the polarizing plate, all colour disappears. 

VI. 

By means of the phenomena of successive polarization it 
is easy to determine which is the thicker of two films of the 
same crystalline substance. Place one of the films on the 
diaphragm (a) of the instrument (fig. 1 a) in the position to 
show, say right-handed polarization, then cross it with the 
other film : if the former be the thicker, the successive po- 
larization will be still right-handed ; if both be equal, there 
will be no polarization ; and if the crossed film be the thicker, 
the successive polarization will be left-handed. In this 
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manner a series of films may be readily arranged in their 
proper order in the scale of tints. 

VII. 

In the experiments I have previously described the planes 
of reflection of the polarizing mirror and of the silver plate 
were coincident ; some of the results obtained when the azi- 
muth of the plane of reflection of the silver plate is changed 
are interesting. 

I will confine my attention here to what takes place when 
the plane of reflection of the silver plate is 45° from that of 
the polarizing reflector. 

When the principal sections of the film are parallel and 
perpendicular to the plane of reflection of the polarizing 
mirror^ as the whole of the polarized light passes through 
one of the sections^ no interference can take placc^ and 
no colour will be seen, whatever be the position of the 
analyzer. 

When the principal sections of the film are parallel and 
perpendicular to the plane of reflection of the silver plate, 
they are 45° from the plane of reflection of the polarizing 
mirror. 

The polarized ray is then resolved into two components 
polarized at right angles to each other : one component is 
polarized in the plane of reflection of the silver plate, the 
other perpendicular thereto ; and one is retarded upon the 
other by a quarter of an undulation. 

When the analyzer is at 0° or 90° no colours are seen, 
because there is no interference ; but when it is placed at 45° 
or 135°, interference takes place, and the same colour is seen 
as if light circularly polarized had been passed through the 
film. The bisected and inverted film (fig. 4) shows simul- 
taneously the two complementary colours. 

But when the film is placed with one of its principal sec- 
tions 22^° from the plane of reflection of the polarizing 
mirror, on turning round the analyzer the appearances of 
successive polarization are reproduced exactly as when the 
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planes of reflection of the silver plate and of the polarizing 
mirror coincide. In this case the components of the light 
oppositely polarized in the two sections are unequal^ being 
as cos 22i*^ to sin 22^°; these components respectively fall 
22^° from the plane of reflection of the silver plate and from 
the perpendicular plane^ and are each resolved in the same 
proportion in these two planes. The weak component of the 
first, and the strong component of the second, are resolved 
into the normal plane, while the strong component of the 
first and the weak component of the second are resolved into 
the perpendicular plane. 

VIII. 

As bearing intimately on the subject of this paper, I will 
here quote a passage from a memoir presented by Fresnel to 
the French Academy of Sciences in 1817, and published, in 
abstract, in the ^Annales de Chimie,^ t. xxviii. (1825) : — 

" If a thin crystallized plate be placed between two paral- 
lelopipeds of glass crossed at right angles, in each of which 
the light previously polarized undergoes two total reflections 
at the incidence of 54^°, first before its entrance into the 
plate (which we suppose perpendicular to the rays), and sub- 
sequently after its emergence, and if, besides, the plate be 
turned so that its axis makes an angle of 45° with the two 
planes of double reflection, this system will present the 
optical properties of plates of rock-crystal perpendicular to 
the axis, and of liquids which colour polarized light. When 
the principal section of the rhomboid with which the 
emergent light is analyzed is turned roimd", the two images 
ivill gradually change colour, instead of experiencing only 
simple variations in the vividness of their tints, as occurs in 
the ordinary case of thin crystallized plates; besides, the 
nature of these colours depends only on the respective incli- 
nation of the primitive plane of polarization and the principal 
section of the rhomboid — that is to say, of the two extreme 
planes of polarization ; thus, when this angle remains con- 
stant, the system of the crystallized plate and the two paral- 
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lelopipeds may be turned round the transmitted pencil with- 
out changing the colour of the images. It is this analogy 
between the optical properties of this little apparatus and 
those of plates of rock-crystal perpendicular to the axis which 
enabled M. Fresnel to foresee the peculiar characters of double 
refraction that rock-crystal exerts on rays parallel to the 
axis. 

It does not appear that Fresnel^ in any of his published 
memoirs, has given any further modifications of this experi- 
ment, the importance of which has been almost entirely ' 
overlooked in elementary treatises on light. He does not 
seem to have remarked that similar phenomena of successive 
polarization arc exhibited when the light incident on the 
crystallized plate is plane-polarized, nor that the order of the 
succession of the colours depends on the position of the prin- 
cipal section with respect to the plane of polarization. These 
circumstances are indeed necessarily included in the beautiful 
theory established by this eminent philosopher; but I am 
not aware that they have hitherto been specifically deduced 
or experimentaUy shown. 

IX. 

The apparatus (fig. 1) affords also the means of obtaining 
large surfaces of uncoloured or coloured light in every state 
of polarization — rectilinear, elliptical, or circular. 

It is for this purpose much more convenient than a 
Fresnel^s rhomb, with which but a very small field of view 
can be obtained. It must, however, be borne in mind that 
the circular and elliptical undulations are inverted in the 
two methods : in the former case they undergo only a single, 
in the latter case a double reflection. 

For the experiments which follow, the crystaUized plate 
must be placed on the diaphragm E between the silver plate 
and the analyzer, instead of, as in the preceding experiments, 
between the polarizer and the silver plate. 

By means of a moving ring within the graduated circle D 
the silver plate is caused to turn round the reflected ray, so 
that, while the plane of polarization of the ray remains 
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always in the plane of reflection of the glass plate^ it may 
assume every azimuthal position with respect to the plane of 
reflection of the silver plate. The film to be examined and 
the analyzer move consentaneously with the silver plate^ 
while the polarizing mirror remains fixed. 

In the normal position of the instrument the ray polarized 
by the mirror is reflected unaltered by the silver plate ; but 
when the ring is turned to 45°, 135°, 225°, or 315°, the plane 
of polarization of the ray falls 45° on one side of the plane 
of reflection of the silver plate, and the ray is resolved into 
two others, polarized respectively in the plane of reflection 
and the perpendicular plane, one of which is retarded on the 
other by a quarter of an undulation, and consequently gives 
rise to a circular ray, which is right-handed or left-handed 
according to whether the ring is turned 45° and 225° or 1 35° 
and 315°. When the ring is turned so as to place the plane 
of polarization in any intermediate position between those 
producing rectilinear and circular light, elliptical light is 
obtained, on account of the unequal resolution of the ray 
into its two rectangular components. 

Turning the ring of the graduated diaphragm from left 
to right when the crystallized film is between the silver 
plate and the analyzer, occasions the same succession of 
colours for the same angular rotation' as rotating the ana- 
lyzer from right to left when the instrument is in its normal 
position and the film is between the polarizer and the silver 
plate. 

X. 

To arrange the apparatus for the ordinary experiments of 
plane-polarized light without the intervention of the silver 
plate, all that is necessary is to remove the silver plate from 
the frame F, and to substitute for it a plate of black glass, 
which must be fixed at the proper polarizing-angle. 

To convert it into a Norrenberg^s polarizer, a silvered 
mirror must be laid horizontal at H, and the instrument 
straightened, as shown at fig. 3, so that a line perpendicular 
to the mirror shall correspond with the line of sight. The 
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motion: thus all these motions may be performed in tlie 
same time^ without one being hindered by the other; but 
the absolute motion of each point will be very complicated/' 

Now this is true only when the vibrating body is con- 
strained to vibrate in one direction. When the rod or string 
is equally flexible in every direction, the plane of vibration 
given to it from any original impulse is constantly main^ 
tained whatever may be the velocity of rotation communi- 
cated to its point of support, provided the axis of vibration 
remains in the same position, or moves only parallel to itself. 

This observed independence of the plane of oscillation on 
the point of attachment led M. Foucault to assume that 
were a flexible pendulum suspended from a fixed point in 
the prolongation of the axis of the earth, that is above one 
of the poles, and maintained constantly in vibration, the 
plane of oscillation maintaining an invariable position in 
space would appear to a spectator on the earth's surface and 
moving with it to make an entire revolution in twenty-four 
hours, but in the opposite direction to that of the rotation of 
the earth. 

What takes place at other points of the earth's surface is 
more difficult to determine ; but M. Foucault, from mecha- 
nical and geometrical considerations, was led to the conclu- 
sion that the angular displacement of the plane of oscillation 
is equal but opposite to the angular motion of the earth 
multiplied by the sine of the latitude. According to the 
theory of rotation, first established by Frisi and more fully 
developed by Euler and Poinsot, the velocity of rotation of 
the earth may be considered as the resultant of two angular 
velocities, one round the vertical of the point where the ob- 
server is placed, and the other round the meridian or hori- 
zontal line lying N. and S. The component of the angular 
velocity estimated round the vertical axis is n sin y, and the 
plane of oscillation not participating in this motion remains 
at rest with respect to it, and therefore appears to an observer 
moving with the point to rotate with the same velocity in 
the contrary direction. 

The experiment made by M. Foucault is said, both in the 
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direction and magnitude of the motion of the plane of oscil- 
lation of the pendulum^ fully to confirm the indications of 
theory. The difficulty, however, of the mathematical inves- 
tigation of the subject, and the delicacy of the experiment, 
liable as it is to so many extraneous causes of error, have 
induced many persons to doubt either the reality of the phe- 
nomenon or the satisfactoriness of the explanation. Another 
experimental proof, therefore, not depending on the rotation 
of the earth, that the plane of oscillation of a vibrating line 
remains at rest with relation to the vertical component of 
the real axis of rotation, may not be unacceptable. With this 
view I have devised the apparatus I am about to describe. 

A semicircular arch from one to two feet radius is fixed 
vertically on a horizontal wheel, and may thus be moved 
with any degree of rapidity from any one azimuth to another. 
A rider slides along the inner edge of the arch, which is gra- 
duated, and may be fixed at any degree marked thereon. A 
spiral spring wire, by means of which a slow nbration is 
obtained with comparatively a short length, is attached at 
the lower end to a pin fixed in the axis of the semicircle, so 
that the point of attachment may be in the axis of rotation, 
and at the upper end it is fixed to a similar piu in a parallel 
position fixed to the rider. The vertical semicircle is not 
placed in a diameter of the horizontal wheel, but parallel to 
it, at such distance as not to intercept, from the eye of the 
observer, the vertical plane passing through the diameter, 
and in which plane the wire in all its positions remains. 

When the upper end of the wire is placed at 90° (that is, 
when it coincides with the axis of rotation), if the wire be 
caused to vibrate in any given plane, say from N. to S., it 
will continue to do so whatever rotation may be communi- 
cated to the wlieel ; so that with respect to the moving wheel, 
or the axis of the wire, the plane of vibration will move with 
the same velocity and in the opposite direction. When the 
rider is fixed at 30°, and the wire makes, therefore, an angle 
of C0° with the axis of rotation, so as to describe in its motion 
the surface of a cone having this inclination to the vertical, 
it will be observed that the plane of vibration makes one 

X 
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complete rotation during two rotations of the wheel : this is 
best observed hj fixing the eye so that its axis shall coincide 
with a line in the same vertical plane with the wire^ while 
walking round with the wheel during its rotation. When 
the rider is fixed at 19^°^ the plane of vibration makes one 
rotation during three rotations of the wheel ; when fixed at 
14^°, it makes one rotation during four of the wheel, &c. ; 
and when it is fixed at 0°, the wire lying horizontaUy^ no 
rotation of the plane of vibration occurs. It is needless to 
observe that the sines of 90"^, 30°, 19^°, 14^°, 0°, correspond 
to the numbers 1, i, J, i, 0, the reciprocals of the numbers 
expressing the respective times of rotation*. 

It is not necessary that the wire should have one of its 
ends fixed in the axis of rotation ; if it be parallel to a wire 
so fixed, the rotation of the plane of vibration will be exactly 
similar ; in such case the wire or axis of vibration will de- 
scribe the surface of two cones having their common apex in 
the axis of rotation. 

The axis of a flexible pendulum can only assume a position 
vertical to the point of the earth's surface over which it is 
placed. Were it possible to maintain the vibration of a 
stretched wire occasioned by an original impulse for a suffi- 
cient length of time, the apparent rotation of its plane of 
vibration would vary with the inclination of the wire to the 
axis of the earth : placed in this axis, it would make a rota- 
tion in 24 hours, it would become progressively slower ac- 
cording to the law above given, as it approaches the plane of 
the equator, and when anywhere in this plane the vibrations 
would always be performed in the same direction. 

• "VMien the dimensions of the apparatus are as above given, I find 
that hardened brass -wire (No. 26), coiled so as to form a helix of one 
quarter of an inch in diameter, shows the effect well. The thickest spiral 
wire employed in the manufacture of artificial flowers, which can be 
procured of any wire-drawer, will also answer the purpose. 

The best way of setting the wire in vibration is to press the finger 
upon it in the middle, so as to deflect it in the plane in which the vibra- 
tions are required to continue, and then suddenly to withdraw the finger 
in the direction of the vibrations. The deflection must not be too great, 
or the elasticity of the wire will be injured. 
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On FesseVs Gyroscope. 

[From the ' Proceedings of tLe Royal Society/ vol. vii. 1854, pp. 43-48.] 

Since the announcement of M. Poucault's beautiful experi- 
ment which has afforded us a new mechanical proof of the 
rotation of the earth on its axis, the phenomena of rotary 
motion have received renewed attention, and many ingenious 
instruments have been contrived to exhibit and to explain 
them. One of the most instructive of these is the Gyroscope 
invented by M. Fessel of Cologne, described in its earlier 
form in Poggendorff^s 'Annalcn^ for September 1853, and 
which, with some improvements by Prof. Pliickcr and some 
further modifications suggested by myself, I take the present 
opportunity of bringing before the Royal Society. 
It is thus constructed : a beam is capable of moving freely 
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round a horizontal axis which is itself movable round a Ter- 
tical axis, so that the beam may move in any direction round 
a fixed point ; at one end of the beam is fixed a horizontal 
ring -which carries a heavy disc^ the axis of rotation of which 
is in a line with the beam ; at the opposite extremity is a 
shifting weight by means of which the equilibrium of the 
beam may be established or disturbed at pleasure. 

If the beam be brought into equilibrium, and the disc be 
rapidly rotated, by means of a thread unrolled from its axis^ 
it will be seen that the beam has no tendency to displace 
itself in any direction. Not so, however, if the equilibrium 
be in any way disturbed ; on moving the weight towards the 
centre of the beam, thus causing the disc to preponderate, it 
will be observed that if the disc rotates from right to left the 
beam will move round the vertical axis also from right to 
left ; and if the motion of the disc be reversed the rotation 
of the beam will be reversed also. On causing the eqmpcise 
to preponderate contrary effects will take place. The velo- 
city of the rotation of the beam round the vertical axis in- 
creases in proportion to the disturbance of the equilibrium. 
It will also be observed that, notwithstanding the increased 
or diminished action of gravity on the disc, its axis of rota- 
tion always preserves the same inclination to the vertical axis 
at which it has been originally placed. The effect produced 
is a seeming paradox. When the equilibrium is disturbed 
while the disc is at rest, the beam being placed in any other 
position than the vertical, gravity acts so as to turn it round 
a horizontal axis ; but when the disc is in motion the usual 
effect of gravity disappears, and there is substituted for it a 
continued rotation round a vertical axis, that is, round an 
axis perpendicular to the plane which contains the axes of 
the two original rotations. 

A similar composition of forces takes place when the disc 
is caused to rotate while the equilibrium of the beam is main- 
tained, by impressing on the beam a rotation round the ver- 
tical axis. When the disc rotates from right to left, the 
slightest pressure tending to produce rotation round the ver- 
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tical axis in the same direction causes the end of the beam 
carrying the disc to ascend^ and a pressure in the opposite 
direction causes it to descend — that is^ the beam is constrained 
to move round a horizontal axis perpendicular to the vertical 
plane which contains the two axes of impressed rotation^ a 
case exactly analogous to the preceding. The beam ascends 
and descends^ in like manner, after rotation has spontaneously 
taken place round the vertical axis in consequence of the 
equilibrium being disturbed, whenever this rotation is any- 
how accelerated or retarded : the disc rotating from right to 
left and its weight predominating, the rotation round the 
vertical axis is from left to right; accelerating the latter 
motion will cause the disc to descend, and retarding it will 
occasion it to ascend. 

As the centre of gravity of the beam is below its point of 
suspension, even when equipoised it is in perfect equilibrium 
only when it is horizontal : consequently, if it be elevated 
above or depressed below this position it will endeavour to 
resume it, tending to produce in the two cases rotations in 
opposite directions roimd a horizontal axis ; the rotation of 
the disc combined with this tendency gives rise, as in the other 
cases I have mentioned, to a continued rotation round the 
vertical axis. If the disc rotate from right to left, and the 
end of the beam carrying it be elevated above the horizontal 
position, the rotation round the vertical axis will be from 
right to left ; if, on the contrary, the same end of the beam 
be depressed below the horizontal position, that rotation will 
be from left to right. 

In all the experiments above mentioned the axis of the 
rotating disc has remained in the prolongation of the beam, 
but, by means of an internal ring movable round a line 
perpendicular thereto, this axis may be placed at any incli- 
nation and at any azimuth with respect to it. Very obvious 
considerations show that the inclination of this axis should 
produce no difference in the character of the effects, but 
merely in their intensity, since in any inclined position of 
the disc its rotation is resolvable into two others, one per- 
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pendicular to the bcam^ and the other^ which is incapable of 
producing any effect, in a plane containing it. When the 
axis of the rotating disc is vertical and at right angles to the 
beam^ no rotation on the vertical axis ought to take place in 
any case; but^ contrary to this expectation, although the 
beam be horizontal and in perfect equilibrium, a motion 
round the vertical axis results, which is in opposite direc- 
tions accordiug as one or the other end of the axis of the 
disc is uppermost. It is, however, easy to see that this rota- 
tion is not owing to the same cause which gives rise to the 
phenomena hitherto considered, for whether it be accelerated 
or retarded no change is produced in the horizontal position 
of the beam ; it is, in fact, occasioned by the difference of 
leverage of the centrifugal forces acting in opposite direc- 
tions at tliose points of the diameter of the disc which are at 
the greatest and least distances from the vertical axis of rota- 
tion of the beam. Attention to this extraneous cause of 
rotation will explain numerous anomalies which present 
themselves in many of the instruments contrived to ex- 
emplify the phenomena of combined rotary motions. It is 
one of the advantages of FesseFs apparatus that the pheno- 
mena may be exhibited in their more important phases with- 
out being affected by this source of error. 

We may form a clearer conception of these phenomena by 
first considering some simpler facts which do not appear to 
me to have been hitherto sufficiently attended to. For this 
purpose let the system of rings carrying the disc be removed 
from the rest of the apparatus, and by unfastening the 
tightening screw let the inner ring be allowed to move freely 
within the outer. Having set the disc in rapid rotation, hold 
the outer ring at the extremities of the diameter which is in 
the plane in which the axis of motion of the disc is free to 
move ; then giving to the outer ring a tendency to rotation 
round that diameter, it will be observed that, in whatever 
position the axis is, it will fly to place itself in the fixed axis 
thus determined, and rotation will take place round it in the 
same direction. Considerable resistance is felt so long as 
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the movable axis is chan^ng its position ; but when once it 
coincides with the fixed axis^ the rotation of the external ring 
round its diameter is effected with facility. A slight alter- 
nate motion of the outer ring, tending to give to it rotations 
in opposite directions, will occasion a continued rotation of 
the movable axis. The same result takes place when an 
endeavour is made to rotate the outer ring round an axis 
perpendicular to its plane. In all cases when the axis of the 
rotating disc is free to move in a plane, and the outer ring is 
constrained to rotate round a line in this plane, the mov- 
able axis will place itself so as to coincide with that line, and 
so that the disc shall rotate in tlie same direction as the ring ; 
if the fixed axis be in a different plane, the movable axis will 
assume permanently that position in its plane which ap- 
proaches nearest to the former. The movable axis is thus 
apparently attracted towards the fixed axis if the rotations 
are in the same direction, and repelled from it if the rota- 
tions are in opposite directions. 

In the experiments just described the free and constrained 
axes of rotation intersect, but in FesseFs apparatus they are 
distant from each other. In the latter case the rule must 
be thus modified, that the free axis of rotation tends to place 
itself parallel to the constrained axis of rotation, or to as 
near a position thereto as possible. By this principle all the 
results manifested are easily explained. The beam being in 
equilibrium, a motion impressed on it round the vertical 
axis causes it to ascend or descend, because the axis of the 
rotating disc tends to place itself parallel to the vertical axis 
of rotation, and so that the disc rotates in the impressed 
direction. When the equilibrium of the beam is destroyed, 
gravity tends to make it rotate round a horizontal axis ; the 
axis of the disc endeavours to place itself parallel with that 
axis ; but both being unchangeably at right angles to each 
other, the tendency to place itself there gives rise to a con- 
tinued rotation. Other results with this apparatus, to which 
I have not yet adverted, are similarly explained. Fix the 
outer ring horizontally and loosen the inner ring, keeping 
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them^ both^ however in the same plane ; then^ on moving the 
beam round the vertical axis^ the axis of the rotating disc 
will immediately fly to place itself parallel thereto^ with rota- 
tion of the disc in the impressed direction. The rings being 
placed in the vertical plane^ the same result will take place 
if the beam be moved in a vertical plane^ t. e. round a hori- 
zontal axis. 

The following additional experiments may be made with 
the rings detached from the apparatus. The results are 
necessary consequences of what has been previously ex.- 
plaincd : — 

1. Suspend, by means of a string, the outer ring at the 
extremity of a diameter perpendicular to the axis of the inner 
ring ; and, having loosened the latter, place it at right angles 
to the former. On causing the disc to rotate, its axis will 
retain its original position; but if the slightest effort be 
made to turn the outer ring round the vertical line, the axis 
of the rotating disc will instantly fly into this position, and 
the disc will move in the same direction as that of the im- 
pressed rotation. 

2. The horizontality of the loose inner ring being restored, 
if a weight be suspended from either end of the axis of the 
disc, that axis will, while it preserves its horizontal or any 
inclined position, revolve round the vertical line ; the di- 
rection of the motion will change if either the weight be 
applied to the opposite end of the axis or the disc rotate 
in the opposite direction. If this rotation be arrested, gra- 
vity will immediately cause the weighted end of the axis to 
descend. 

3. Clamp the rings together either in the same plane or 
at right angles to each other, and fasten a string, in the 
first case, at the extremity of a diameter coinciding with 
the axis of the inner ring, and in the latter case at the 
extremity of a diameter perpendicular thereto. Having set 
the disc spinning, if a rotation round the vertical line be 
given to the system the axis of the disc will ascend, carrying 
with it the disc and rings notwithstanding their weight, and. 
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even when the impressed rotation has ceased to act^ will 
continue to rotate in the same direction until the motion of 
the disc ceases. 

In this note I have purposely avoided entering into the 
mathematical theory of the phenomena my intention having 
been solely to describe the apparatus exhibited and to give 
an intelligible account of its effects. Those who wish to 
investigate the subject more profoundly will find the best 
guide in the Astronomer Royal's essay on Precession and 
Nutation^ publi&hcd in his Mathematical Tracts. 
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On the Formation of Powers from Arithmetical 

Progressions. 

[From the * Proceedinfifs of the Royal Society,* vol. vii. 1856, pp. 145-151.] 

TuE same sum n' may be formed by the addition of an arith* 
metical progression of n terms in various ways. Hence we 
are enabled to construct a great variety of triangular arrange- 
ments of arithmetical progressions^ the sums of which are 
the natural series of square, cube, and other powers of 
numbers. Among these there are several which render evi- 
dent some remarkable relations. 

Each of the following triangles is formed of a series of 
arithmetical progressions, the number of terms increasing 
successively by unity. 

The first term of an arithmetical progression of n terms 
having a common difference S, and whose sum is it'', is equal 
to 

n(-i)+|(l-n). 

§ 1. SQUARE NUMBERS. 
If S=n% the first term = n4--(l— n). 

A. 

Every square »* is the sum of an arithmetical progression 

of n terms, the first term of which is unity, and the difier- 

ence 2. 

1 =P 

14-3 =2' 

1+34-5 =3* 

1-1-3-1-6-1-7 .....=4> 

1-I-3-I-5-I-7-I-9 =5* 

l-|.3-|.5_|_7-|.0-|.n =0* 

1-I-3+5-I-7-I-0+11+13 =7=* 
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Thus every square number is formed by the addition of a 
series of odd numbers commencing with unity — a result uni- 
versally known. 

The difference of any two squares is either an odd number, 
or the sum of consecutive odd numbers. 

Each series may be resolved into two others consisting of 
alternate odd numbers, the respective sums of which are two 
adjacent triangular numbers, the addition of which, it is well 
known, forms a square. Ex, : 

1-1-5+9-1-13=28 
3+7-1-11=21 

49=7'* 

B. 
Every square n* is the sum of an arithmetical progression 

of n terms, the first term of which is - ,5—, and the common 

difference 1. 

1 =P 

lj+2i =2^ 

2 + 3 + 4 =3^ 

2-J+3^+4i+oi =4'^ 

3 + 4 + 5 + 6 + 7 =5^ 

3J+4-i+5J+(.H+7i+8J =G» 

4 + 54.0 + 7 + 8 + 9 + 10 =r 

This arrangement renders evident that every square of an 
odd number is the sum of as many consecutive natural 
numbers as the root has units. 

Every square of an odd number is the difference between 
two triangular numbers the bases of which are respectively 
(3n+l) and n. For, the sum of any series of natural 
numbers is the difference of two series of natural numbers 
commencing with unity; and since, as it is shown above, 
every square of an odd number is the sum of a series of 
natural numbers, it is also the difference between two tri- 
angular numbers. 

It is also evident that series, the sums of which are squares 
of odd numbers, may be so taken that, when placed in suc- 
cession, they will form an uninterrupted progression of 
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natural numbers commencing with unity, the sum of which 
is a triangular number : 

(l)-h(2-|-3+4)+(54-0+7-|-84-9+104-n+12+13)..&c= 
(ia^_3>-|.iyi-|-27» +(3")')= 

a triangular number the base of which is the series 

(1+3+0+27 +3-). 

§ 2. CUBE NUMBERS. 
If S =»!?, the first term=n" + 1(1 -») . 

C. 

Every cube n^ is the sum of an arithmetical progression of 
n terms, the first term of which is unity, and the difference 
2(n + l), 

1 =1» 

1+7 =2» 

1+0+17 =3» 

1+11+21+31 =4' 

1 + 13+25+37+40 =5» 

1+15+20+43+57+71 =C» 

1+17+33+40+65+81+07 =7» 

D. 

Every cube n' is the sum of an arithmetical progression of 
n terms, the first term of which is the root n, and the differ- 
ence 2n. 

1 =1» 

2+6 =2» 

3+0+16 =3» 

4+12+20+28 =:4» 

6+15+25+35+45 =5» 

6+18+30+42+54+66 =6' 

7+21+35+40+63+77+01 =7» 

The last terms of these series are the alternate triangular 
numbers. If they be respectively divided by the first terms^ 
the quotients will be the series of odd numbers. 
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E. 

Every cube v? is the sum of an arithmetical progression of 
n terms^ the first term of which is (n'— n-l-l), and the dif- 
ference 2. 

1 =P 

3+6 =2» 

74-0+11 =3' 

13+15+174-19 =4» 

21+23+25+27+20 =6' 

31+33+35+37+30+41 =0' 

43+4*3+47+40+61+53+55 =r 

This, it will be observed, is a triangular arrangement of 
the uneven numbers in their regular order. 

Every cube is the sum of as many consecutive odd numbers 
as there are units in the root*. 

The known theorem, that the sum of the cubes of any suc- 
cession of the natural numbers commencing with unity is 
equal to the square of the sum of the roots, or, in other 
words, to the square of the corresponding triangular number, 
is an immediate consequence of the above. 

(P+2='+3»+4' +n»)=(l+2+3+4. .+n)^=(!!!±?)". 

The sum of any scries of odd numbers commencing with 
unity being equal to the square of the number of terms (A.), 
the sum of the numbers in any triangle formed as above is 
necessarily equal to the square of a triangular number. It 
is also easy to see that each cube is the diftercnce between 
the squares of two consecutive triangular numbers ; and that 
the diflcrence between the squares of any two triangular 
numbers whatever is the sum of consecutive cubes. The 
following equations have been found by ascertaining what 

* Since the present note was communicated to the Royal Society, I 
have found that this relation has been already noticed by Count d'Ad- 
h^mar (Comptes Rendus, tom. zxiii. p. 501). Cauchy observes, ''quoi- 
qu'elle puisse, comme on le voit, se d^duire des principes d^j& connus, 
toutefois; elle est assez curieuse et tr^simple." 
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differences of the squares of two triangular numbers are 
equal to single cubes : — 

113_^123+13»+14'=20». 

F. 

Every cube n' is the sum of an arithmetical progression of 
n tcrms^ the first term of which is a triangular number 

— - — , and the difference = n. 

A 

1 =1» 

3-1-6 =:2» 

G-l-O-l-12 =3=' 

10-1- 14-1-18-1-22 =4» 

16-1-20-1- 2o-|-30-h3o =6» 

21 -I-27+33-I-39-I-46-I-51 =0' 

28-I-36-I-42-I-49-I-60+03-I-70 =7* 

Each number contained in this triangle is itself the sum of 
an arithmetical progression of n terms. Thus^ taking the 
fifth row for example : — 

1-1-2-1-3-1-44-6=16 
2+3-1-4-1-6-1-6=20 
3-|-4_|_5-|-6-|-7=25 
4-1-6-1.6-1-7-1-8=30 
54-0+7-1-8-1-9=36 

125=6' 

The sum of all the numbers contained in a square thus 
formed is equal to the cube of the number which occupies 
the upper right-hand and lower left-hand comers. The sum 
of the numbers in either of the diagonals is the correspond- 
ing square^ and in the case of the odd numbers the sum of 
the middle horizontal or vertical line is also the square. 

This last-mentioned relation was pointed out by Lichtcn- 
berg*, who stated the theorem thus : — If a be a whole 

• G. 0. Licbtenl>erg'8 Vennischte Schriften, Band ix. p. 360. G6t- 
tingen, 1800. 
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number, and A be the sum of all the natural numbers from 
1 to a, then : 

fl"=A+(A+fl)+(A+2ii)+(A+3a) +(A+[fl-l». 

G. 

Every cube n* above 1 is the sum of an arithmetical pro- 
gression of n terms, the first term of which is (n— 2)', and 
the difference =8. 

0-1-8 =2« 

l-|-9-hl7 =3* 

44-12-1-20-1-28 =4» 

O-l-17-f 25-1-33-1-41 =6' 

16-1-24+32-1-40-1-48-1-50 =0» 

25-h33-h41+49-f57+e6-|-73 =7' 

Each progression of this triangle, consisting of an uneven 
number of terms, contains two consecutive odd square 
numbers. 

An uninterrvpted arithmetical progression commencing 
witli unity and proceeding by the constant addition of 8, 
arranged in a triangular form, presents some curious results. 
1st. The first terms of each line are the squares of the odd 
numbers in their regular sequence. 2nd. The sum of all the 
numbers in any two adjacent lines is the cube of an odd 
number. 

1 } = 3» 

04-17 1 = 53 

25-1-3.3-1-41 ( ^ ^3 

49-1-57-1.654-73 ^ 



• • • 



81 -1-89-1-974- 105-1- 113 ^ "" ^' 

121 -1-129-1-137 4-1454-1534-161} = ^^' 

It is evident from the preceding arrangement that 

(2«4-l)'=l+8(?!+!*). 

Thus any triangular number multipled by 8 with 1 added is 
equal to the square of an odd number ; or, any square of an 
uneven number minus I is divisible by 8, and the quotient 
is a triangular number. 
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§3. 

Of the higher powers I will confine myself to one example. 

H. 

Every fourth power n* is the sum of an arithmetical pro- 
gression of n terms, the first term of which is n', and the dif- 
ference 2n'. 

1 =1* 

4+12 =2* 

94-27+45 =3* 

16+48+80+112. =4* 

25+75+li>5+150+22o =6* 

36+108+180+262+324+300 =0* 

This triangle consists of the progressions in (D.) multiplied 
respectively by n, or of those in (A.) multiplied by n*. 
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IntBrpretation of an important Historical Document 

in Cipher*. 

[From the 'Memoirs of the PhilobibloD Society.*] ' 

7 Chester Terrace, Regent's Park, 
Feb. 3, 1862. 

My dear Sir, — I herewith send you the translation of a 
document in cipher which I made two or three years ago, 
and which you suggested to me might interest the members 
of the Philobiblon Society. The accompanying letter from 
Sir Henry Ellis will sufficiently explain its history ; and, to 
assist any person desirous of verifying tho accuracy of the 
translation, I have added the key of the cipher employed, 
with a few particulars respecting its construction. 

Yours very truly, 

C. Wheatstone. 



♦ [The following note is appended to the original : — " The Editor has no 
other preface to make to this interesting conmiunication, except to tender 
to Professor Wheatstone the thanks of the Philobiblon Society, and to 
express their admiration of this additional instance of that wonderful 
faculty of interpretation which seems to ordinary minds a special intui- 
tion, not unworthy of the great scientific discoverer and practical bene- 
fSactor of his age."] 
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24 Bedford Square, 
June 1^ 165d. 

My dear Sir, — A good many years ago the Trustees of the 
British iluseum purchased, at a large price, what appeared^ 
and no doubt must be, a very important document in cipher ; 
occupying seven folio pages closely filled with numerals; 
every page signed at top by King Charles the First, and 
countersigned below by Lord Digbye. 

I was long ago in hope to have got it deciphered, and to 
have inserted it, with its explanation, in my second series of 
original letters illustrative of English history; but every 
effort on my part to procure the deciphering failed. Being 
unable to obtain its explanation, I gave up the thought of its 
publication. 

A few evenings ago, at Earl Stanhope's, I met Lord 
Wrotteslcy, to whom I accidentally mentioned that I had 
just been talking on the subject of this letter to Mr. Babbage, 
and he immediately mentioned that no likelier person would 
be found to get at the secrets in this letter than Mr. Wheat- 
stone. Will you, tlierefore, allow me to lay before you an 
exact copy of this letter, and to request your kind investiga- 
tion of what mav turn out to be its contents ? 

I enclose the only copy which I have, which was made for 
me at the time I have already mentioned. If length implies 
importance in such a document, this ought to be a very im- 
portant letter. 

Yours faithfully, 

Henry Ellis. 

Charles JVheatstone, Esq. 
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On an examination of this cipher it appeared that about 
90 diflTerent numerals were employed to represent the letters 
of the alphabet^ each letter being, consequently, represented 
by several distinct numerals. These figures representing 
letters were intermixed with higher numbers, referring evi- 
dently to a vocabulary. Besides the difficulty arising from 
this redundancy of characters, another was superadded in no 
divisions having been made between the words, so that no 
assistance could be obtained from comparing groups of cha- 
racters representing the same words with each other. The 
task of translation was rendered more tedious from the ori- 
ginal being in a different language to that in which I had 
first assumed it to be. 

In translating the literal portion of the cipher I have pre- 
served the irregularities of spelling ; in this part there can 
be no uncertainty respecting the meaning, except only in 
two or three places, where it has no doubt arisen in the 
process of transferring the original into cipher. As to the 
references to the vocabulary, when the same numbers occur 
frequently there is no difficulty in ascertaining the proper 
corresponding word, as it must be one suited to complete the 
sense in every case : but when a number occurs only once a 
greater latitude in determining its meaning must necessarily 
be assumed ; and it is probable that in several cases I have 
not selected the appropriate word. Those words respecting 
which I have any doubt arc, however, marked in the key to 
the vocabulary with an asterisk. As the higher numbers 
evidently form part of a vocabulary arranged in alphabetical 
order, if I have in any instance mistaken a word it must 
necessarily be supplied by one commencing with the same or 
with an adjacent letter. 

The words and portions of words placed between paren- 
theses in my translation correspond with numbers in the 
vocabulary ; the remainder is orthographical. 
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TTRY TO THE LITER AT. ( 


:!ip] 


A 


12. 


13. 


14. 


15- 


16. 


17 


B 


i8. 


19. 










C 


20. 


21. 


22. 








D 


23. 


24. 


25- 








E 


26. 


27. 


28. 


29. 


30. 


31 


F 


33' 


34. 


35. 








G 


36. 


37. 


38. 








H 


39. 


40. 


41. 








U 


42. 


43. 


44. 


45. 


46. 


47 


L 


48. 


49. 


50- 


51. 






M 


52. 


53. 


54. 


55- 






N 


56. 


57. 


58. 


59. 









60. 


61. 


62. 


63. 


64. 




P 


65. 


66. 


67. 








Q 


80. 


81. 


82. 









R 83. 84. 85. 86. 87. 

8 88. 89. 90. 91. 92. 

T 93- 94. 95- 9^- 97- 

UV 98. 99. 100. loi, . 102. 

X 103. 104. 105. 

Y 108. 109. no. 
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KEY TO THE VOCABULAEY. 



"3 

121 
126 
130 
160 
194 
203 
213 
220 
232 
241 
246 
247 

*253 
265 

266 

273 
299 

♦300 

30s 

316 

318 

319 
320 

324 
474 
478 

479 
483 
484 

495 
496 

497 

509 
512 
522 
562 



anoes • 
avoir . 
alliance 



I 

3 

2 



affaire 6 



advantage 
bicn . . 
connaitre . 
conime . 
donner 
dans . . 
dtre . . 
effet . . 
eUe . . 
franchise . 
faire . . 
faite . . 
fait . . 



guorre. 
int^r^t 



I 
I 

3 

I 

2 
8 

4 
3 
4 

I 

10 
I 

10 
I 
8 



insister . . . . i 



jour . . 
joindre 
lui . . . 
Icquel . . 
laqnelle . 
les . . . 
ligue . . 
Angleterre 
France 
Espagne . 
Hollande . 



12 



32 

2 



333 
336 

347 
348 
♦361 
372 
376 
380 

384 

♦38s 

391 

392 

393 
394 

395 
396 
409 

*420 
*42I 

♦426 

439 
442 
448 
462 
467 

♦469 



mSme 3 

manvais 

n^cessaire .... 

nous 6 

opinion 

ponvoir 

pour 29 

post 

propo8<5 

prepare 

quand 

qu'il 10 

qu'elle 3 

qno 32 

qni 2 

qnolqne 2 

raison 4 

support I 

satisfaction . . . . i 

toutefois I 

terns 4 

troubles i 

trouver 2 

tenir i 

vous I 

volonte 1 

vouloir j • • ' * 

6 



14 
3 
3 



le roi d'Angleterre 12 

la reine d'Angleterre i 

le prince de Galles 3 

le prince d'Orange 5 

la princesse Henrietta d'Orange 4 

. • I 

un Envoi • 4 
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INSTRUCTIONS POUR LE SIEUR DE GOPFE. 

(Vous) {^jjjjj^} (connaitre) k son altesse (le prince 
d^Orange) que selon un discours (que) (lui) a est^ (fait) par 
(522) durant le sejour de (la reine) k la Haye par son com- 
mandement touchant le marriage du (prince) et (la princesse) 
(qu'elle) a comunique au (roi) ce qui s'est pass^ et a con- 
tinucllemcnt fait s9ayoir k son altesse (les) resolutions qu'ont 
este prises par Ics (quelle) s son altesse a pent re (connaitre) la 
Y^^'^^^^^\ de (laquelle) ceste (aflFaire) a est^ commencee et 
(pour) suivie. (Le roi) voulant demeurer ton (jour) s dans la 
memc (post)ure -jl^JJeheuref (4^^) 8^^ (aflFaire)s (lui) permet- 
tent de (tenir) k la dernier resolution^ a pris celle aussi de 
(faire) part k son altesse avec la (franchise) qu'il ne (fait) 
point de doute de rcncontrer aupres d'(clle). Son altesse 
S9aura done (que) (les) (memcs) (faitc)s qui ont donne 
mouvcmcnt k la premiere proposition sont ceux qui obligent 
presentcment (le roi) d'en parler (comme) il fera; c'est.k 
dire, Testime (qu'il) (fait) de la persone et maison de son 
altesse, joint avec Putilite (qu'il) cspere rcncontrer (pour) 
restablisemcnt dc ses (affaire) s et corone dans un (terns) 
moins embrouille (que) cellui cy ; la premiere consideration 
auroit pu(ctrc) suffisante; mais dans (les) (trouble)s (que) 
(lui) sont sun'cnus (les) loix de Dieu et des hommes (lui) 
n^cessitent k regarder davantage le scconde. (Pour) cest 
(effet) faisant reflexion partout ou il se povoit promettre un 
(support) considerable et convenable, autant k son estat qu^k 
ses inclinations, a (fait) ceste conclusion : (qu^il) n'en povoit 
point rcncontrer (que) d'une des corones de (Prance) ou de 
(PEspagnc), et dc plus de pas une dMcelles saus Fassistance 
et concurence de son altesse ; (le roi) manquant (les) moyens 
(pour) Icur (donner) la {^^oJS"|J^} et (elle)s le (pouvoir) de 
(lui) procurer (quand) (meme)s (ellc)s auroient le desire entre 
(les) deux. II n'a pas cste difficile au (roi) de resoudre par 
ou il dcvoit commencer, regardant dans ses inclinations, aux 
(interSt)s de son estat, et k ceux dc ses ancicunes alli(ance8); 
et en ces considerations a premierement jette (les) y (enx) 
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sur la (France) y se promettant (que) par Fimage (qu'il) s'est 
figure des (mt^rSt)s de cest estat et des (mt^ret)s des persones 
(qui) en mannient (lea) (a£Paire)8 qu^en les povant assurer des 
advantages (qui) (leur) pouront (etre) procures par son alteses 
(que) ceux (qu'il) aura desire d'(elle)8 lui seront assures. (Le 
roi) a creu par les tesmoinages (que) son altcsse a rendu de 
son inclination (pour) une seconde (alliance) avec (Angleterre) 
(qu^elle) feroit toutes sortes des choses (raison)ables (pour) 
la (faire) reussir (bien) a aussy cru (que) ccs clioses 1^ (pour) - 
oient estre tellement (propose)s et (prepare)8 que (France) y 
(trouver)oit ses (interSt)s et par consequent (le roi) les siens 
avec (France). (Le roi) avoit (propose) d^envoyer (562) en 
(France) se croiant assez assur^ des inclinations de son altcsse 
(pour) (faire) Fouverture du traite, qui auroit porte qu^en 
cas (que) (nous) eussions pu (le) porter aux resolutions (les) 
plus advantageuscs pour eux, (qu'il)s auroient pu (toutcfois) 
89avoir si cux de leur coste seroient venus ii cellcs (pour) 
(nous) (que) (nous) Icur aurions proposes. (Les) clioscs que 
(lui) seront desires de (faire) en consideration du (roi) et du 
manage sont celles de quoy les (interet)s d' (Angleterre) et de 
(France) requiereront d'(etre) (fait)e8 (pour) leur (advan- 
tage), et devant (avoir) fait Pouverture en (France) et entre 
(dans) (les) considerations qti'un traite feroit naistre, il ne se 
pent dire exactement ce (qui) sera desire de ce coste Ik, mais 
en apparence ce seront (les) particularites suivantes, on de 
ceste nature : — 

1. D'entrcr et de (faire) entrer (HoUande) en (ligue) 
offensive et defensive avec (Angleterre) et (France). 

2. De rompre avec r(522) en cas que (France) le propose. 

3. D^assieger telle ou telle place (que) le terns (dans) 
(lequel) la proposition sera (fait)e, (pour)ra permetre. 

4. De demeurer en campagne aussy long (terns) qu^eux, 
et 8^1 n^ auroit point de siege, au moins de marcher et 
(joindre) le plus utilement (pour) leur dessein (qu'il) se 
pourroit. 

6. De foumir (pour) deux mois XV ou XX vaisseaux de 
(guerre), et des vaisseaux (pour) passer deux milles chevaux 
et quatre milles hommes de pied de (France) en (Angleterre) . 
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Les clioses (que) (nous) demanderons de (France) : — 

I. (Les) hommes susdits et telle somme d'argent (que) 
(nous) (pour)rions procurer. 

II. D'entrer (dans) une (alliance) oflPensive et d^fennTe 
avec (nous) et (Hollande). 

S' il arive ^J^heowf ^^® (France), par (quelque) (int&fit) 
cach^ ou (quelque) (mauvaise) (volont^ (que) la jalousie du 
(tems) passe auroit fait passer (dans) (les) humeurs (pour) 
(les) (affaire) s du roi, se trouvoit repugnante k toutes nos 
propositions, en ce cas Ik (le roi), se contentant de s'(6tre) 
acquit^ de touts (les) devoirs (que) (lui) pouvoient presser, 
propose nonobstant le manage du (prince) et de (la prin- 
cesse), et au lieu des advantages (qu'il) se promettoit du 
coste de (France) ne doute point (que) (le prince d'Orange) 
ne (lui) pent (faire) recevoir d'aussy utiles du cost^ de 
(PEspagne) ; (pour) cest (effet) il lui faudroit s'engager de 
(faire) la treve avec ceste corone en consideration de celle 
d'(Angleterre) faisant (connaitre) aux (Espagn)ols (qu'il)8 ne 
la (pour)ront point (avoir) qu'en y comprenant (les) (int^ 
r^t)s du (roi) et lui laisant Tadvantage de ce traits, la preuve 
(fait)e. 

(Le prince d'Orangc) : — 

I. Disposer (les) Anglois (dans) le service de (Hollande) 
de passer en (Angleterrc) (dans) des regiments entiers, et 
leur (donner) (les) moyens de passer. 

II. II sera achever T (affaire) d'Amboyn presentement. 

III. II payera Fargent de quoy il sera convenu (pour) la 
dote de (la princesse) presentement; (les) conditions (pour) 
(les) advantages de (la princesse) seront selon ce qui a tou- 
(jour)s este practique (pour) (les) femmes des (prince)s. 

(Pour) conserter (lequel)es il sera immediatement envoy€ 
une persone instruite (pour) cest (effet) de tout ce (qui) sera 
(necessaire) selon la reponse (que) son altesse fera k cest ou- 
verture. II est dit ci dessus que (562) devoit aller en (Prance) 
(pour) ce traits ; il est vray (que) cela avoit est^ resolu et 
qu'il iroit apres (484) (trouver) (le prince d'Orange) sur 
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r (opinion) (que) Ton avoit icy que (le prince d^Orange) sou- 
haitoit assez ceste (alliance) (pour) (faire) toutes sortes 
choses (rai80n)ables (pour) la (faire) r^ussir; mais apr^, 
faisant un peu de reflection plus profonde il a est^ plus selon 
Pordre de la (raison) d^en (avoir) un esclaircissement plus 
assure (que) I'on ne pouvoit tirer des conjectures, et (pour) 
ceste raison (562) a este arrest^ et le porteur choisy (pour) 
raporter en toute dilligence (les) sentiments de son altessse 
sur toute la matiere, et ce porteur a cst^ choisy (pour) (les) 
(raison) s que sout assez amplement dittes (dans) ses letres 
de cr^ance. 

C. R. 

George Diobte. 
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CHABLES E. 

42. 56. 90. 93. 83. 99. 20. 95. 43. 60. 57. 
91. 376- 48. 27. 90. 43. 28. 99. 83. 24. 
28. 38. 60. S3. 34. 26. 



467. 


255. 88. 203. 17. 92. 61. 


59- 


IS- 


48. 


94. 


27. 90. 88. 30. 509. 394. 92. 


27. 


49. 


60. 


57. 


99. 59. 25. 47. 89. 20. 61. 


100. 


83- 


92. 


394. 


316. 12. 29. 90. 93. 31. 266 


. 65, 


16. 


84. 


562. 


23. 102. 85. 15. 57. 97. 48. 


. 27, 


. 89. 


26. 


305- 


23- 31- 496. 13- 49- 14- 40- 


15- 


108. 


27. 


66. 


16. 86. 90. 61. 56. 22. 57. 


53- 


ss- 


17. 


58- 


25. 27. 54. 31. 57. 95. 94. 


65. 


99. 


20. 


39- 


15- 59- 97- 49- 28. 54. 12. 


85. 


44. 


^5- 


38- 


29. 24. 99. 497. 28. 93. t 


;i2. 


393- 


14. 


2064 


• 54- 98. 56. 46. 80. 98. 


26. 


16. 


lOI. 


495- 


21. 29. 81. 99. 13. 66. 17. 


89. 


90. 


30- 


28. 


95. 15. 20. 60. 57. 96. 44. 


56. 


102. 


27. 


50- 


48. 32. 54. 29. 59. 97. 266. 


91. 


22. 


14. 


102. 


62. 43. 86. 13. 90. 64. 58. 


17. 


46. 


94. 


31. 


90. 92. 28. 320. 87. 32. . 88. 


63' 


48. 


99. 


93- 


47. 60. 56. 90. 81. 102. 62. 


58. 


95. 


29. 


90. 


97. 32. 66. 84. 43. 90. 29. 


91. 


69. 


15- 


84. 


320. 393. 91. 92. 61. 57. 14. 


49. 


96. 


27. 


89. 


91. 28. 16. 67. 30. 99. 86. 


32. 


203. 


50. 


13- 


421. 23. 30. 319. 20. 31. 91. 


95- 


30. 


130- 


14. 


26. 88. 94. 29. 21. 64. 52. 


53. 


30. 


58. 



George Digbye. 
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97. 376. 89. 98. 
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100 


. 46. 


28. 


32. 


495- 


98. 


60. 99. 48. 13. 


56. 


93. 


23- 


27. 
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100. 


85. 28 86 95. 


61. 


100. 


305. 


88. 


232. 


49, 
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• 333' 380. 99. 


84. 


26. 


13. 
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93. 


27. 


100 


. 84. 394. 89. 


28. 


90. 


130. 


91. 


316. 


65. 


29. 


85- 52- 30- 94. 


95. 


31. 


56. 


96. 


24. 


32. 


462. 


14. 49. 15. 25. 


26. 


85. 


57. 


42. 


27. 


86. 


87. 


28. 92. 61. 50. 


102. 


97. 


43. 


62. 


58. 


17. 


66. 


86. 44. 90. 20. 


28. 


50. 


51- 


26. 


13- 


98. 


88. 


89- 45- 23. 29. 


255. 


67. 


14. 


83. 


93. 


14. 


89. 


63- 5^- 15- 49- 
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90. 


91. 


32. 


17. 


lOI. 


26. 21. 50. I 


3. 2. 


53. 


392. 


29. 


97. 


58. 


31- 


266. 66. 68. 46. 


59. 


97. 


25- 
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24. 


63. 


99. 


95. 29. 23. 30. 
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30. 


57. 


22. 


64. 


56. 
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85. 30. 86. 13. 


98. 
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28. 
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24. 


247. 


90- ^3- 57- 16. 
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27. 
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58. 


21. 


394. 
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26. 
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53. 


43. 
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. 44. 
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57. 


89. 62. 58. 95. 
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30. 


99. 
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395- 
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J 8. 


49. 45. 36. 31. 


59. 


96. 


66. 


85. 


32. 


90. 


26. 


56. 97. 27. 55. 


28. 


56. 


93. 


495. 
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29. 


57. 
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51- 


33- 
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87. 15. 21. 32. 


88. 
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24. 


42. 
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43. 


55. 


27. 


392. 
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83. 
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31- 


94. 
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25. 


27. 


90. 


62. 


58. 
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90. 


91. 


27. 


44. 
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45- 


59- 


93. 14. 99. 28. 


22. 


50. 


99. 


94. 










George Digb} 
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376. 

52 

31 
92 

19 

49 

55 
28 

43 

14 
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62 
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85 
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20. 
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44. 
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28. 
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43- 
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21. 



32. 

17. 

59. 
49. 



376. 20. 27. 91 

57. 93- 85- 27. 
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90. 27. 67. 60. 



86. 62. 
60. 59. 



29. 

30- 
28. 

43. 
90. 

21. 



96. 
16. 
91. 

57. 
16. 

48. 



54. 
90. 

21. 

lOI. 

94. 
21. 
266. 
100. 



30. 
42. 

63. 
93. 

49. 
22. 



95. 
24. 

57. 
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97. 
44. 
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89. 45 



86. 
27. 

lOI. 

56. 
81. 

57- 
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63. 



95- 246. 35 
34. 48. 26. 

62. 99. 97. 

100. 63. 
27. 102. 

86. 12. 

59- 

15- 
12. 



29. 

96. 

99. 

13. 

95- 
58. 



95. 
28. 

392. 



45- 

59. 

19. 

15' 
91. 

91. 

45- 

20. 

57. 



86. 
86. 
27. 
92. 

59- 
54- 
30. 

47 
24. 

61 

92 

57. 
94. 

48. 

95 

57 
14. 

99 

63 

15 
103. 

64. 
94. 

420. 

49- 
19, 

63. 

27, 

64. 

61 

26. 



George Digbye. 
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56. 66. 64. loi. 61. 44. 96. 68. 6o« 42. 58. 

96. 87. 29. 57. 22. 62. 57. 93. 83. 27. 85. 

394. 23. 100. 59. 27. 24. 31. 90. 21. 61. 86. 

6;^, 58. 28. 92. 25. 27. V. 478. 6^. 99. 24. 

26. 476. 27. 96. 24. 30. 66. 49. 100. 92. 24. 
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62. 57. 13. 48. 94. 28. 90. 91. 27. 495. 55. 
16. 58. 80. 99. 14. 58. 96. 320. 52. 60. 42. 
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George Digbye. 
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Instructions for the Employment of Wheatstone*8 

Cryptograph. 

[From a Pamphlet published to accompany an instrument called 

*« The Cryptograph."] 

A CIPHER which at the same time should be perfectly secure 
and easy in its application is a desideratum ; and these com- 
bined advantages can only be obtained by me^ns of an in- 
strument in which all the complexity necessary to ensure 
security shall be effected by mechanical arrangements^ whilst 
its manipulation shall be subjected to the simplest rules. 
Such an instrument is now offered to the public^ after its 
utility has been proved by extensive employment in various 
departments of the public, service and by telegraph com- 
panies. 

One thing is yet wanting to render the benefits of the 
Electric Telegraph complete. Letters by post are sent 
sealed, and their contents are conveyed, with a secrecy seldom 
violated in free countries, to their destination ; but telegra- 
phic messages are in general transmitted so that their con- 
tents are understood by all the o£Bicials concerned in their 
conveyance. This arises from several causes : some persons 
are totally ignorant of the principles on which any ciphers 
are constructed ; others acquainted with particular methods 
are a&aid to employ them in their uncertainty regarding 
their security, and with good reason, seeing the facility with 
which those in ordinary use have been detected ; and others 
who possess what they consider to be secure methods are 
deterred &om using them on account of the great di£Biculties 
attending their translation and re- translation. 

With the aid of this instrument an extensive secret corre- 
spondence can be carried on with several persons, and a sepa- 
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rate cipher can be employed for each correspondent. The 
despatches prepared by it are indecipherable by any person 
unacquainted ^vith the word that may have been selected for 
the base of the cipher alphabet; moreover^ so long as the 
key-word remains undivulged^ even the possession of the in- 
strument employed, or of one similar to it, would not in the 
least assist any endeavour to discover the translations. 

The number of telegraphic messages relating to domestic 
occurrences are very much limited by the disinclination of 
parties to let their family affairs be known to officials in their 
neighbourhood ; and there can be no doubt were this difficulty 
removed, this class of messages would be considerably aug- 
mented, to the benefit of the telegraphic department as well 
as to that of the public. 

The advantages of communication by cipher for military 
purposes are too obvious to be insisted upon. 

Instructions. 

Formation of the Permutated Alphabet. 

Choose any name or word, in which the same letter does 
not recur, as '^ France," " Carlton," '^ Palmerston." 

Write down beneath it the omitted letters of the alphabet 
in their regular order, placing them in columns thus : — 



c 


a 


r 


/ 


t 





n 


b 


d 


e 


/ 


9 


h 


• 

1 


m 

J 


k 


m 


P 


2 


8 


u 


V 


w 


X 


y 


z 






Then write the letters 


as 


they 


appear 


in the 


successive ver- 


tical columns. 


in a single row, thus : — ' 






c bj V a 


d kw r e m X Ifp y t g q z o 


h 8 niu 



The letters of the alphabet of the Cryptograph are then to 
be placed in the above order round the inner ring, the initial 
letter C in this case being placed exactly below the blank of 
the permanent alphabet. 

It is not necessary to adopt a word in which the same 
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letters do not recur. Any word whatever will answer the 
purpose by erasing the redundant letters. For example : — 

SebaiRtop^l 

cdfghijkmn 

qruvwxyz 
This gives 

scqedrbfuagvhwtixojypkzmln 

If a different key-word be adopted for each correspondent^ 
it will be impossible for any one of them to decipher a de- 
spatch addressed to another. 

If the divided letters be employed, their subsequent distri- 
bution, after the despatch is prepared, will render the dis- 
covery of the key-word impossible even on possession of the 
instrument. This is of importance when the cryptograph is 
employed for military purposes ; but when no fear is enter- 
tained of its falling into other hands, it will be more con- 
venient to make use of the entire card circles having the 
cipher alphabets written upon them. A distinct cipher may 
thus be always ready for each correspondent, one circle being 
instantly changeable for another. 

The Cryptograph can be secured to a desk or table by 
means of the pins on the lower surface. As by these means 
it can be made perfectly steady, the hands can be worked by 
one hand. It will be found preferable to use the left hand 
for this purpose, as thereby the right hand is left free for 
writing. 

Rendering a Despatch into Cipher. 

At the commencement, the long hand must correspond 
with the blank of the outer circle and the short hand be 
directly under it. 

The long hand must be brought successively to the letters 
of the despatch (outer circle), and the letters indicated on the 
inner circle by the short hand must be written down. 

At the termination of each word the long hand must be 
brought to the blank, and the letter indicated by the short 
hand also written down. By this arrangement the cipher is 
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continuous^ no intimation being given of the separation of 
the words. 

"Whenever a double letter occurs, some unused letter (as, 
for instance, q) must always be substituted for the repeated 
letter ; or the latter may be omitted. 

It will be best to divide a despatch into short sentences, 
and to commence each sentence with the instrument adjusted 
as at the beginning of the despatch. By this arrangement 
an error in one sentence cannot aflfect the other sentences. 

The full-stop at the end of each sentence should be repre- 
sented by a dash following the letter that is used to conceal 
the blank or termination of the last word. 

To tratislate a Cipher Despatch back to the original. 

Make the long and the short hands coincide at the blank 
as before, and then by the movement of the long hand place 
the short hand opposite each of the letters of the cipher 
despatch in succession, writing down the letters indicated by 
the long hand. 

The rule respecting the double letters is not to be observed 
in turning a cipher despatch back to the original. A slight 
error in copying the cipher can be retrieved in the transla- 
tion by trying the letters beyond, omitting previously a turn, 
or adding an extra one according to circumstances. 

After using the instrument, if there be any occasion to 
make it impossible for persons about one to discover the key- 
word of the cipher, the letters of the cipher or inner circle 
should be removed. This can be effected by applying the 
ivory punch to the apertures at the back. The order of the 
cipher can be reproduced by remembering the key- word. 

In cases where no fear of loss or abstraction of the instru- 
ment is apprehended, the card circles may be employed. The 
letters of the cipher must be written in their proper order in 
the divided spaces. Ciphers with diflferent keys appropriated 
to each correspondent may be thus always kept in readiness, 
and one may be promptly substituted for another. 

The chief circumstances which render this cipher so secure 
are these : — 
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1. The same letter of the despatch ia leprex 
entlj- I)j- any letter of the ciplicr, 

2. No imiication of the number of lettera tl 
be in any word in afforded. 

3. There is no clue to the separation of the 
blank is itself represented indifferently by all 
the alphabet. 

4. The changes in the signification of a lettei 
reyiitar law, the accessory hand making in Bomc 
plcte revolution after one letter, and in otbi 
three, or more letters. 

5. The permutations of the cipher alphabets ai 
iiifi|iite. 



Before despatching a letter in cipher, tbe aei 
translate the different sentences in order to asceri 
mistakes exist. 

In practice only, the most important parts of 
need be rendered into cipher. 




I 



Tlie same instrument can be employed in coir 
with several jiersons, as the order of the letters in 
on the inner circle is capable of being clianged io r 
infinite number of ways. 

As the secret of the cipher is the particular ordc 
cession of the letters, it is not necessary to keep th 
ment under lock and key, provided that the cipher , 
has been removed after use. 

The following despatch of tbe Duke of Wellington 
lated into a cipher constructed by means of this in«tr 
will afford an exercise both for translating into cipl 
re-translating into ordinary language. The key-w 
France. The dash indicates that the long and short hi: 
the cryptograph are both to be brought back to the bla 
that the following sentence may be translated withoat 
ning on from the preceding. 
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(1.) On the Vowel Sounds^ and on Eeed Organ^Pipes. 
By Egbert Willis, M.A,^ Fellow of Caius Col- 
lege^ and of the Cambridge Philosophical Society. 
(From the Transactions of the Cambridge Philo- 
sophical Society. Cambridge, 1829.) 

(2.) Le Mecanisme de la Parole^ suivi de la Bescrijp" 
tion d'une Machine Parlante. Par M. de Kem- 
PELEN, Conseiller Aulique Actuel de sa Majeste 
TEmpereur Roi. Vienna, 1791. 

(3.) C. G. Kratzenstein. Tentamen Coronatum de 
Voce. Petrop., 1780. 

[From the * London and Westminster Review/ No. xi. & liv., 

Oct. 1837.] 

(The article is signed C[haiilK8] W[heat8toke].) 

We propose in this article to give an account of the various 
attempts which have been made to imitate the articulations 
of speech by mechanical means^ and to show how far the 
united li^bours of the philosopher and the mechanician have 
advanced the inquiry respecting the physical causes upon 
which these articulations depend. 

Before we proceed, it may not be uninteresting to take a 

. glance at the various accounts recorded of the speaking statues 

of the Ancients, and of those pretended speaking machines 

which at diflFerent times were exhibited prior to the present 

century. 

The voice, as is well known, is easily and audibly trans- 
mitted to distant places by means of communicating tubes ; 
this simple means of conveying words to the lips of a statue 
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did not escape the observation of the priests of antiquity, and 
^e have evidence that some of their oracles spoke in this 
manner. It is true that in general the priests considered it 
more safe to deliver the answers themselves^ or to cause them 
to be delivered by women instructed for the purpose. But 
we read frequently that their idols spoke ; and the same thing 
is stated with regard to the images of saints. 

Oracular responses were delivered by a speaking head at 
Lesbos ; it predicted, though in equivocal terms, the violent 
death of Cyrus the Great, which terminated his expedition 
against the Scythians. This was the head of Orpheus. 

The celebrated head of Memnon^ though in general it 
emitted only a musical sound when the rising sun fell upon 
its lips, yet it is proved, by inscriptions engraven on the 
colossus, that the priests, proportioning the miracle to the 
credulity of the votary, caused the statue sometimes to speak. 

The speaking heads of the Middle Ages had more of a 
philosophic character. They were not brought forward for 
the purpose of imposing on a superstitious multitude the 
belief that they were miracles emanating from supernatural 
intelligence; they professed merely to be the products of 
human ingenuity — the inventions of men distinguished from 
the rest of mankind only by their superior knowledge. 

Gcrbert, who, under the name of Sylvester II., occupied 
the Papal chair from 999 to 1003, constructed a speaking 
head of brass. For this exertion of his ingenuity he was, of 
course, accused of magic, the common charge against mecha- 
nical inventors in those times. 

In the thirteenth century Albertus Magnus, the extent of 
whose knowledge was astonishing for the age in which he 
lived, made a head of earthenware. It is said that his 
disciple, Thomas Aquinas, was so terrified when he heard it . 
speak that he broke it to pieces, upon which the mechanist 
exclaimed, *' There goes the labour of forty years.^' In the 
same century lived the celebrated Roger Bacon, who is re- 
ported to have made a similar automaton. 

It is both amusing and instructive to recur sometimes to 
those crude hypotheses respecting physical phenomena which 
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were advanced in the early dawn of science. Walchins 
thoaght it poasible so to contrive a tronk or hollow pipe that 
it should preserve the voice entirely for certain hoars or 
days^ so that a man might send his words to a firiend instead 
of his writing. There being always a certain space of inter- 
mission^ for the passage of the voice^ betwixt its going into 
these canities and its coming out, he conceives that if both 
ends were seasonably stopped^ whilst the sound was in the 
midst^ it would continue there till it had some vent. '' Huic 
tube verba nostra insusurremus, et cum probe munitur tabel- 
lario committamus/' &c. When the friend to whom it is 
sent shall receive and open it^ the words shall come out di- 
stinctly^ and in the same order in which they were spoken. 
From such a contrivance as this (saith the author) did 
Albertus Magnus make his image^ and Friar Bacon his 
brazen head^ to utter certain words. This scientific hy- 
pothesis powerfully and worthily supports the credit of that 
Popish tradition concerning Joseph's '' hah I " or the noise 
that he made (as carpenters usually do) in giving a blow — 
which is said still to be preserved in a glass bottle among 
other ancient relics. 

The celebrated Jesuit^ Athanasius Kircher^ who lived in 
the seventeenth century^ and was^ if not the inventor^ the 
first describer of the ^olian harp^ the speaking trumpet^ and 
many other important acoustical inventions^ assures us^ in 
the ninth book of his ' Musurgia Universalis/ &c.^ that a 
statue might be made^ perfectly isolated^ the eyes^ lips^ and 
tongue of which shall have a motion at will^ which shall pro- 
nounce articulate sounds^ and which shall appear to be alive. 
He had an intention of making one of this kind for Queen 
Christina^ but he was prevented^ it is said^ either by want of 
time or by the expense. 

After this time speaking machines of this kind were fre- 
quently exhibited in different parts of Europe^ and the means 
of communication were sometimes so ingeniously concealed 
as to excite the astonishment^ and impose upon the credulity^ 
of even men of learning. A Thomas Irson exhibited a speak- 
ing head^ which excited the wonder of Charles II. and his 
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court. It answered in several lang^ges to questions whis- 
pered in its ear. When the astonishment was at its height, 
one of the pages discovered in the adjoining room a Popish 
priest, who answered through a pipe. 

In the last century a figure of Bacchus seated on a barrel 
was exhibited at Versailles. It pronounced, in a loud and 
intelligible voice, all the days of the week, and wished the 
company good day. Many persons were deceived by it, 
because the owner of the machine allowed them to inspect 
the inside of the figure and the barrel, where nothing was 
perceived but organ-pipes, bellows, wind-chests, wheels, 
cylinders, &c. But the deception did not last long. A person 
more inquisitive than the rest discovered a false wind-chest, 
in which a dwarf was concealed, who articulated the words, 
the sound of which was conveyed by means of a tube to the 
mouth of the figure. 

Professor Beckmann describes a similar pretended auto- 
maton which he saw. The figure was that of a Turk placed 
on a box, which was filled, as in the former case, with pipes, 
bellows, &c. ; but the voice was communicated from a person 
in the adjoining room. 

In consequence of the prevalence of these deceptions, sus- 
picion was so much excited whenever a speaking machine 
was announced, that when De Kempelen first made public 
his invention in 1783, a pamphlet was published, entitled 
'The Speaking Machine and Chess Player Exposed and 
Detected/ De Kempelen, we may remark, was the inventor 
of the latter curious figure ; the sole merit of which, as he 
himself has acknowledged, consisted in the ingenuity of the 
deception. 

As a specimen of the speculations respecting the mechanism 
of speech which were prevalent about a century and a half 
ago, and which then supplied the place of observation and 
experiment^ we may mention a small work on this subject, 
written by Van Helmont, the celebrated alchemist. Its 
translated title is, 'A short Explanation of the true natural 
Hebrew Alphabet, which at the same time supplies a method 
by which those who are bom deaf can instruct themselves. 
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not only how to nnderatand others when they speak^ but like- 
wise how to speak themselves/ Van Helmont in this tract 
endeavours to establish that all the letters of the Hebrew 
alphabet are written in exact imitation of the position which 
the tongue assumes in pronounciDg them. He then goes 
further^ and proves to his own satisfaction that the letters 
of the alphabet ought to follow each other in the order they 
do^ and in no other ; because the tongue, whilst finishing the 
pronunciation of one letter, is already in the position for 
commencing the following. His imagination has repre- 
sented the tongue in the most extravagant contortions. His 
work is illustrated by thirty-four plates. 

When absurd speculations like this supplied the place of 
accurate knowledge, it cannot be supposed that any progress 
was made towards constructing a speaking machine pro- 
perly deserving the name. Such an invention requires, above 
all, for its accomplishment, a full and exact knowledge of the 
mechanism of speech. 

The first experimental investigation of the articulations of 
speech dates from 1779, when the Imperial Academy of St. 
Petersburg proposed for their annual prize the following two 
questions : — 

First. What is the nature and character of the sounds of 
the vowels A E I O U, so diflferent from each other ? 

Secondly. Can an instrument be constructed like the vox 
humana pipes of the organ, which shall accurately express the 
sounds of the vowels ? 

These questions were answered and the prize gained by 
Professor C. G. Kratzenstein. After examining the positions 
of the various organs, and measuring the apertures of the 
lips, teeth, &c. for the difierent sounds, he constructed a 
series of tubes, which, when applied to an organ-bellows, 
imitated with tolerable accuracy the five vowel sounds re- 
quired. The forms of the tubes which he employed cannot 
readily be rendered intelligible without the aid of figures ; 
four were rendered vocal by the application of freely vibrating 
reeds, the other in the manner of an ordinary organ-pipe. 

Though Kratzenstein has the undoubted merit of having 
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been the first who imitated any of the articulations of speech 
by mechanical means, yet we cannot give him the credit of 
having thrown any philosophic light on the subject. It has 
since been ascertained, as we shall presently see^ that the 
forms of the tubes have not that relation to the different 
vowel sounds which he supposed to exist; but that tubes 
exactly the same in form will articulate different vowels when 
their dimensions are altered. 

About the same time that Kratzenstcin was engaged in 
this inquiry, M. de Kcmpelen of Vienna was occupied in a 
more extensive investigation of the same subject. He at- 
tempted not only to imitate the vowel sounds, but the con- 
sonants also : at present we will confine ourselves to his 
experiments with the vowels. De Kempelen found that by 
placing a conical tube, like the bell of a clarionet, before the 
reed he employed, different vowels were obtained according 
as the bell was more or less covered. On such a tube, U is 
heard when the tube is nearly closed, O when it is about half 
closed, and A when it is entirely open. It is only when a 
rapid transition is made from one of these sounds to another 
that each can be distinctly recognized ; when the cover is 
kept upon the tube for some time in the same position, the 
sound appears always to be A. De Kempelen infers from 
this that the sounds of speech become distinct only from the 
contrast which exists between them, and that they obtain 
their perfect clearness only when connected in entire words 
and phrases. 

Before proceeding to the researches of Mr. Willis on the 
vowel sounds, it will be necessary to explain, first, in what 
the vowels differ from the other articulations of speech, and, 
secondly, in what they differ from each other. 

The vowels are formed by the voice, modified, but not in- 
terrupted, by the varied positions of the tongue and lips. 
Their differences depend on the proportions between the 
aperture of the lips and the internal cavity of the mouth, 
which is altered by the different elevations of the tongue. 
The vowel sound aWj as pronounced long in ''fall'' and 

2a 
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short in ''folly/' is formed by augmenting the internal 
cavity by the greatest possible depression of the tongue^ and 
at the same time enlarging the separation of the lips. De- 
parting from this sound there are two scries, the one repre- 
sented in the vertical row of the following Table, the other 
in the horizontal row. In the first, the external apeii;ure 
remains open, and the internal cavity gradually diminishes 
by the successive alterations of the tongue. In the second^ 
the tongue remains depressed, but the aperture of the lips is 
gradually diminished. There is also an intermediate series 
of vowel sounds, obtained by different elevations of the 
tongue when the lips are partially closed; these, though 
abounding in many foreign languages, are not used in our 
own ; they are shown in the second vertical column. 



4-7 



Indefinite. 



8-06 


Q^ 


8-8 


E\}^ 


2-2 


Dl?^ 


1-8 


F» 


1-0 


D* 


0-6 


C* 


0-38 


Q* 



Aw 





Oo 


Ah 


Ou 




Ae 


Eu 




A 


E6 




E 


• • 

U 





This fable indicates all the most usually pronounced vowel 
sounds, but practised ears might distinguish others inter- 
mediate in each series ; for each vowel may pass tg the next 
in order, either above or below it, by imperceptible grada- 
tions. Each of these vowels may be long or shorty according 
to the duration of its sound in a syllable. 

When these vowels are sounded, the soft palate is raised 
so as to prevent the sound from issuing through the nasal 
channels ; when, on the contrary, the soft palate is depressed, 
the partial escape of the breath through the nostrils modifies 
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all the preceding sounds in a veiy evident manner. These 
modifications^ however^ are never employed in the English 
language. 

The extreme inadequacy of our written language in its 
representation of the articulations of speech is very obvious. 
We have six characters which are called vowels, each of 
which represents a variety of sounds quite distinct from each 
other, and while each encroaches on the powers of the rest, 
many simple vowels are represented by combinations of two 
letters. On the other hand, some simple vowel letters repre- 
sent true diphthongs, consisting of two distinct simple vowels 
pronounced in rapid succession j thus, a consists of a and e, 
i of ah and e, and uoi e and u. Again, the literal diphthongs 
are mostly simple vowel sounds, as ea in ^' bleak,^^ ie in 
'' thief,'' &c. 

This want of correspondence between the characters of our 
written and the sounds of our spoken language has been a 
great obstacle to the proper understanding of the real ele- 
ments of speech. A child is taught that the letters W, H, Y, 
make the syllable " why '' ; now, if we examine the sound of 
this word, we shall find it to be formed by the rapid succes- 
sion of the vowel sounds U, ah, E, In attempting, therefore, 
to imitate by artificial means the sound of this word, we 
should pay no regard to the letters of which it is formed ; 
the elementary sounds alone are the objects of our attention. 
The same observation is generally applicable to the words of 
our language. 

Turn we now to the recent and interesting researches of 
Mr. Willis on the vowel sounds. His first object was to 
verify De Kempelen's observations. Having obtained the 
vowel sounds U, O, A very distinctly, he found that on using 
a shallower cavity than De Kempelen had employed, and 
sliding a flat board on the top of the fxmnel, he could obtain 
the entire series in the order U, O, A, E, I. The success of 
this experiment induced Mr. Willis to try the effect of cylin- 
drical tubes of different lengths, and, for the more complete 
investigation of this case, he constructed an apparatus con- 
sisting of a tube or port-vent, bent at right angles to connect 

2a2 
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it with the wiud-chest of the bellows. At the extremity of 
this tube is a plug^ in which is fitted a freely vibrating reed. 
Another tube of equal length is fitted to this^ so that^ on 
being gradually drawn out, it will show the eflFect of applying 
to this reed a cylindrical tube of any length, from nothing to 
about two feet ; then if the tube be pushed back and another 
joint equal to it be fitted on, a fresh drawing out of the tube 
will show the effect of any length from that of the first tube 
to double the length, and in this way with different joints 
we may go on to any length we please. The result of expe- 
riments with this apparatus we will describe in general 
terms. 

Let the line abed represent the length of the pipe mea- 
sured from a, and take ab, be, cd, &c. respectively equal to 
the length of the stopped pipe in unison with the reed em- 
ployed ; that is, equal to half the length of the sonorous wave 
occasioned by the reed. 
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The lines in these diagrams must be considered as measuring- 
rods placed at the side of the tube, with their extremity a 
opposite to the point at which the reed is placed ; the letters 
and other marks show the efiects produced when the open 
extremity of the pipe reaches the points so marked, and the 
distance, therefore, from these points to a respectively is the 
length of the pipe producing the effects in question. 
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Now, if the pipe be drawn out gradually^ the tone of the 
reed^ retaining its pitchy first puts on in succession the vowel 
qualities IE A O U ; on approaching c the same series makes 
its appearance in inverse order, as represented in the diagram; 
then in direct order again^ and so on in cycles — each cycle 
being merely the repetition of b d, but the vowels becoming 
less distinct in each successive cycle. The distance of any 
given vowel from its respective centre points is invariably the 
same in all. 

If another reed be tried which gives a higher sounds and 
whose wave, represented by the second figure, is con- 
sequently shorter, the centres of the cycles a, c, e, &c., will 
be at the distance of the sonorous wave of the new reed from 
each other, but the vowel distances (and this is an important 
point to be remarked) will be exactly the same as before. 
It may be stated as a general rule, that if a certain length 
added to the reed gives to its sound a determinate vowel 
character, the same vowel is heard when the same length is 
added to or subtracted from a length equal to any simple 
multiple of the original wave (2«a + t?). 

When the pitch of the reed is high, some of the vowels 
become impossible. For instance, let half the wave of the 
reed (No. III.) be less than the length producing U. In this 
case it is found that the series never ascends higher than O, 
and that on passing i, O of the reverse series commences. In 
like manner, if reeds of higher notes be taken, more vowels 
are cut off. This is exactly, Mr. Willis remarks, the case in 
the human voice ; female singers are unable to pronounce U 
and O in the higher notes of their voice ; for example, the 
proper length of the pipe for O is that which corresponds 
to the note C on the third space in the treble, and beyond 
this note in singing it becomes impossible to pronounce a 
distinct O. 

We have added to the table of vowel sounds at page 854 
the lengths of a stopped pipe which Mr. Willis has ascer- 
tained to correspond with the diflFerent vowel-sounds, and 
also the musical notes which these pipes would give were 
they sounded themselves. 
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Mr. Willis further states that cylinders of the same length 
give the same vowel, whatever be their diameter or jBgture ; 
and that, so far as he has tried, he has always found that any 
two cavities yielding the identical note when applied to the 
embouchure of an organ-pipe, will impart the same vowel- 
quality to a given reed, or, indeed, to any reed provided its 
note be flatter than that of the cavity. 

From these experiments it is evident that the forms stated 
by Kratzenstein, as producing the different vowels, are per- 
fectly arbitrary. The entire series of vowels can be produced 
from tubes of either of his forms by merely changing its 
dimensions. 

Mr. Willis finally concludes, from his experiments, that 
the vowel quality, added to any sound, is merely the coexis- 
tence of its peculiar note with that sound ; this accompany- 
ing note being excited by the successive reflections of the 
original wave of the reed at the extremities of the added tube. 

This view of the matter naturally associates the pheno- 
mena of vowel-sounds with those of multiple resonance, a 
subject first investigated by Professor Wheatstone. 

The phenomena of simple or unisonant resonance are so 
well known that we need only call attention to one or two of 
the most striking facts. If a vibrating body be brought near 
a column or volume of air, which would be capable of pro- 
ducing the same sound were it immediately caused to sound 
as an organ-pipe or otherwise, then the sound of the vi- 
brating body is greatly reinforced, as when an harmonica- 
glass is brought before an unisonant cavity, or when a 
tuning-fork is placed at the embouchure of a flute, the aper- 
tures of which are stopped, so that, if blown into, the flute 
would sound the same note ; in the latter case the experi- 
ment is more remarkable, as the sound of the tuning-fork is 
scarcely itself audible. The same effect takes place when the 
cavity of the mouth is adjusted so as to be in unison with the 
tuning-fork. 

We now come to the new facts of resonance. A column 
of air will not only enter into vibration when it is capable of 
producing the same sound as the vibrating body which causes 
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the resonance^ but also when the nmnber of the vibrations 
which it is capable of making is any simple multiple of that 
of the original soiinding body, or, in other words, if the 
sound to which the tube is fitted is any harmonic of the ori- 
ginal sound. 

For instance, if a tube closed at one end by a movable 
piston is taken, and its length adjusted to six inches, it will 
resound as an unison to a C tuning-fork ; and if we shorten 
the length of the tube to three inches, the unison will no 
longer be reciprocated, but its octave will be heard. The 
same effect is produced by altering the cavity of the mouth. 

By placing a vibrating lamina which produces a lower 
sound than can be obtained from a tuning-fork (the tongue 
of a Jew's harp, for instance), and successively adjusting the 
column of air so as to be one half, one fourth, one fifth, &c. 
of the column reciprocating the fundamental sound, the 
octave, twelfth, double octave, seventeenth, &c. will be pro- 
duced. The relative numbers, considering tlie vibrations of 
the tongue as unity, are 1, 2, 3, 4, 5, &c. The mouth pro- 
duces precisely the same effect as this changeable tube does, 
and all the beautiful soimds which Mr. Eulenstein manages 
with so much skill [on the Jew's harp] are produced by this 
means ; they are multiple resonances of the column of air, 
and not the vibrations of the toDgue itself, as was formerly 
supposed. 

Similar results are obtained when the vibrating tongue of 
an Molina is brought before a tube, and its length is altered ; 
and this case resembles Mr. Willis's arrangement. The same 
multiple resonances are produced also when the cavity of the 
mouth is substituted for the tube. In these cases the funda- 
mental sound is louder than when the Jew's harp is em- 
ployed. The sound of the larynx itself may be substituted 
for that of the vibrating tongue, and similar harmonic sounds 
will be heard ; this experiment may easily be made by placing 
a piston-tube before the mouth while the voice continues to 
sound rather a low note. 

About two years ago a young man named Richmond exhi- 
bited a novel kind of musical performance with the voice. 
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On examining the circumstances under which the sounds were 
produced^ it was ascertained that the continued soiuid or 
drone was produced bv the larynx, and that he had acquired 
the art of adjusting the cavity of the mouth so as to fit it for 
resounding to any multiple. In this way he was able to 
command these subordinate sounds in any succession, and 
even to dwell upon them ; and he could thus perform a great 
number of airs. 

Some kinds of sounds are better suited to produce these 
multiple resonances than others ; and it is an universal fact 
that wherever these subordinate sounds can be distinguished, 
there also the vowel qualities are heard ; and, reciprocally, 
when a sound puts on successively different vowel qualities, 
these multiple resonances are audible. The tongue of a Jew's 
harp, which so readily gives rise to these subordinate sounds, 
is obedient not only to the vowel sounds, but to almost 
all the articulations of speech. The free reed, or jEolina 
tongue, when it is such as can enter readily into vibration, 
is affected in a similar manner ; but when it is too rigid, 
though it may produce as clear a musical sound as before^ 
the multiple resonances and the vowel qualities are equally 
lost, not, perhaps, because they do not exist, but because 
they are overpowered by the original sound of the reed. 

We do not mean to assert that each multiple resonance is 
a distinct vowel sound : but we infer that, when a tube is 
added to a reed or vibrating tongue, whatever may be its 
length, a quality is added to the original sound, which de- 
pends on the feeble vibrations of the air in the added tube ; 
these increase in number in proportion to the shortness of 
the tube ; and when the number of vibrations thus excited 
is any multiple of the original vibrations of the reed, the 
energy of the resonance is so greatly augmented as to pro- 
duce the effect of a superadded musical sound. 

Thus it is evident that the vowel qualities and multiple 
resonances are different forms of the same phenomena. 

In considering the consonants to which we may now pro- 
ceed, we may apply to them the same remark which has been 
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already applied to the vowels. In attempting to class them, 
for the purpose of ascertaining in what respect these sounds 
agree with or differ from each other, we must pay no atten- 
tion to the alphabetic characters which so inefficiently repre- 
sent them, or to the names by which these characters are 
designated. For we find that a simple character sometimes 
represents a compound sound, as G and X ; and a simple 
sound is as frequently denoted by two letters, as Sh, Th, 
Dh, Ng, in '^ song,^' &c. The same character often represents 
more than one sound; for instance, S has four different 
powers in sea, his, virion, and sure. Many other redundan- 
cies and deficiencies might be noticed, but these will suffice 
to show the danger of classifying letters instead of sounds. 
The letters /, v, r, /, p, t, k, rf, wi, and n jye, however, gene- 
rally constant in their signification. 

Consonants. 
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In this Table all the elementary consonant sounds are 
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arranged, indicated by those characters hy which they may 
be most readily recognized. These sounds will be best com- 
pared by articulating them all uniformly, followed by the 
same vowel, as Pe, Be, &c. 

It would occupy too much space to explain the particular 
positions of the different organs during the pronunciation of 
all these sounds ; it must suffice at present to state that for 
the six sounds characterized in the above table by the term 
explosive, the breath or voice is entirely obstructed, while 
for all the others it is allowed to pass, but with partial inter- 
ruptions. 

But there is one comprehensive and important division of 
these articulations which we cannot pass over in silence. It 
is found that when the organs are in the proper position for 
uttering any one of the articulations of the first vertical 
column, without the slightest change being made in that po- 
sition, a different quality may be given to it, according as it 
is accompanied or not by the sound of the larynx, or the 
voice properly so called. It is in this respect alone that F 
differs from V, &c. 

Every sonant has thus its corresponding mute. This rule 
seems to be violated, however, with regard to the sounds L 
and R. But though the corresponding mutes of these sounds 
are not in the English language, they are to be found in 
other tongues. The sound denoted in Welsh by LI is the 
mute corresponding to our L; and though it is extremely 
difficult to catch this sound from merely hearing it pro- 
nounced, attention to the rule will enable any one to articu- 
late it properly in a few minutes. The organs must be in 
the proper position for articulating L, but the voice must not 
sound ; or, in other words, the L must be whispered, and 
then followed by the vowel; as, for example, Llewellyn, 
Llangollen. 

The importance of this rule is obvious ; for if in the con- 
struction of a speaking machine the voiceless articulations 
indicated in the first vertical column of the preceding Table 
were perfectly obtained, all the sounds in the second column 
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could be immediately produced by adding the vocal sounds 
or what is substituted for it^ to those of the first column. 
A single motion or key would therefore be sufficient to 
add eleven new articulations to the utterance of the instru- 
ment. 

The positions of the organs for the three sounds M, N, Ng, 
are exactly the same as for B, D, G, only, in the former, the 
soft palate is depressed so as to allow the voice to escape^ 
through the nostrils; by this the articulation is rendered 
continuous. If in a speaking machine, therefore, these three 
sounds were perfect, the addition of a single key would con- 
vert them into six elementary sounds. To imitate all the 
usual articulations of speech, a machine would not require 
such complicated motions as might at first be supposed: 
thirteen keys would be sufficient to command the twenty-six 
consonant sounds of the above table. The difficulty in the 
construction of such a machine is therefore reduced to the 
perfect imitation of these eleven sounds and the vowels, 
which we have already seen are not beyond our command. 
How far these difficulties have been overcome we shall now 
proceed to show. 

De Kempelen's machine consisted externally of a square 
box, and a bellows, of the ordinary construction, placed on a 
board. The bellows were pressed down by the right arm, 
and it expanded itself, by means of a weight or spring, when 
the pressure was removed. There were two openings in the 
box, for the purpose of introducing the hands to act on the 
keys &c. within, and numerous small round apertures con- 
cealed by silk, to prevent stifling the sound. When this 
cover was removed, a small box or wind-chest was seen com- 
municating with the pipe of the bellows at one end, and with 
an India-rubber bell or funnel, from which the sound ulti- 
mately issued, on the other ; on this wind-chest were various 
keys to be touched by the fingers of the right hand for the 
sounds S, Sh, R, &c. The sound was produced by an ivory 
or brass reed, covered, on the side which vibrated against the 
edges of the aperture, with very thin leather ; this reed, re- 
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presenting the larynx of the vocal organs^ was placed within^ 
between the wind-chest and the narrow part of the India- 
rubber funnel or mouth. The sound P was produced by 
suddenly removing the left hand from the front of the mouth, 
w^hich it had previously completely stopped ; the sound B by 
the same action, but, instead of closing the mouth completely, 
a very minute aperture was left, so that the sound of the reed 
might not be entirely stifled ; M was heard on opening two 
small tubes, representing the nostrils, placed between the 
wind-chest and the mouth, while the front of the mouth was 
stopped, as for P. A few vowel modifications, and the sounds 
F and V, were produced by modifying the form and size of 
the aperture of the mouth by the left hand ; the continuous 
consonants S and Sh were obtained by causing the wind to 
pass through small tubes of particular forms, the passage of 
the wind being governed by keys ; and R was imitated by 
occasioning a \ibration or trembling of the reed when an ap- 
propriate lever was depressed*. 

" In the space of three weeks,'^ says De Kempelen, '' any 
one may acquire wonderful skilfulness in performing on the 
speaking machine, especially if he applies himself to the 
Latin, French, and Italian languages ; for the German lan- 
guage is much more difficult, on account of the consonants 
which so frequently occur in it, the sibilant sounds, and the 
mute letters which so often terminate the words. I can pro- 
nounce immediately every French or Italian word I am 
asked ; a long German word, on the contrary, costs me much 
trouble, and it is rare that I perfectly succeed. As to entire 
phrases I can produce but few; and these must be short, 
because the bellows is not sufficiently large to furnish the 
necessary quantity of wind. For example : Vous Stes mon 
ami — Je vous aime de tout man ccsur ; or, in Latin : Leopoidus 
secundus — Romanorum imperator — semper Augustus, &c. I 
am perfectly convinced,^' says the author, "that without 

* A speaking machine, made by Professor Wheatstone from De Kcm- 
pelen's descri])tion, with some improvements, is at present in the collec- 
tion of Philosophical Instruments of King's College, London. 
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much Bkill the machine may be arranged with keys like the 
harpsichord, or organ, so that it would be much more easy 
to play it than in the present manner ; but this is another 
step towards perfection which I leave to those who may be 
inclined to give some attention to this new invention in its 
infancy, and who, by their meditations and labours, are wil- 
ling to carry it further/' 

Dc Kcmpelen's is not the only speaking machine which 
has been made ; the Abbe Mical, a celebrated French mecha- 
nician, constructed two colossal brazen heads, which are said 
to have uttered not only words, but entire phrases; he sub- 
mitted these master-pieces of his ingenuity to the Academy 
of Sciences in July 1783, in the same year which De Kem- 
pelen was at Paris with his machine. No details of the con- 
struction of these were ever published ; and the inventor is 
said to have broken them to pieces on being disappointed of 
the reward which, on the recommendation of the Academy, 
he had expected from the Government. He died shortly 
after, in 1789. We can, therefore, only judge of the merits 
of these automata from the accounts of writers who saw them. 
From the description which Rivarol gives, it appears that 
Mical applied to one of the heads a set of keys which were 
acted upon by pins fixed on a cylinder, so that a determinate 
number of phrases were produced, as tunes are upon a barrel- 
organ ; the intervals between the words, and the accentua- 
tion, Rivarol states to have been marked correctly. The 
other head had a key-board, like that of a pianoforte, the 
keys corresponding to the different sounds and tones of the 
French language, which were reduced to a small number by 
an ingenious method peculiar to the inventor. ''With a 
little practice and skill,'' says Rivarol, '' any person may talk 
with the fingers as with the tongue; and he may give to the 
language of the heads, the rapidity, the stops, and in fine 
all the characters which a language can possess which is 
not animated by the passions. Foreigners may take the 
' Henriade,' or ' Telemachus,' and cause them to be recited 
from one end to the other, by placing the volumes on the 
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vocal instruments^ as we place the book of an opera on a 
pianoforte/' 

No doubt RivaroFs enthusiasm has led him greatly to 
overrate the performance of these automata. It would be a 
very easy matter to add either a key-board or a pinned 
cylinder to De Kempelen^s instrument^ so as to make the 
syllables which it utters follow, each with their proper accen- 
tuations and rests ; but unless the articulations were them- 
selves more perfect, it would not be worth the trouble and 
expense. According to a more sober writer, Mical's, in this 
respect, was not superior to De Kempelcn's invention. Vicq 
d'Azyr, the celebrated anatomist, gives the following account 
of the Abb^ Mical's heads, in his report upon them to the 
Academy : — 

" The heads,*' says this writer, " covered a hollow box, the 
different parts of which were connected together by hinges, 
and in the interior of which the inventor had disposed arti- 
ficial glottises of different forms over stretched membranes. 
The air passing through these glottises, was directed on these 
membranes, which gave sounds of different pitches; and 
from their combination there resulted a very imperfect imita- 
tion of the human voice.*' 

It is a curious circumstance that Kratzenstein, De Kem- 
pclen, and the Abb^ Mical were all employed in their re- 
searches at the very same time, though in very different 
parts of Europe. Since that period no progress has been 
made in imitating the articulations of speech, and even the 
experiments of these mechanicians have been almost for- 
gotten. The advantages that would result from the com- 
pletion of a speaking machine render the subject worthy the 
attention of the philosopher and the mechanician. Dr. 
Darwin supposed that they might be made hereafter with 
voices so loud and sonorous as to command an army or in- 
struct a crowd ; but the most important uses to which they 
will perhaps in future times be applied, will be to fix and 
perpetuate the pronunciation of different languages. 

There are no doubt a great many difficulties yet to be 
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contended with before we can succeed in perfectly imitating 
the articulations of speech; but the partial success of the 
attempts of which we have laid an account before our readers 
ought to encourage further trials. It is not too much to 
say, in the words of Sir David Brewster, " We have no doubt 
that, before another century is completed, a talking and a 
singing machine will be numbered among the conquests of 
science.^' 
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On the Vibrations of Columns of Air in Cylindrical 

and Conical Tubes. 

(royal institution.) 

[From the ' Athenffium/ March 24, 18^2, p. 194.] 

March 15. — Mr. C. Wheatstone gave a lecture '' On the 
Vibrations of Columns of Air in Cylindrical and Conical 
TuIkjs.'^ After enumerating the various modes by which 
columns of air may be put into sonorous vibration^ and 
which conntitute so many classes of wind instruments of 
music^ the lecturer proceeded to detail the principal results of 
liemouilli's *' Theoretical Investigations.'' When a column 
of air in a cylindrical tube^ open at both its ends, produces 
the lowest sound it is capable of rendering, according to this 
theory, the motions of the particles of air are made in op« 
positc directions, alternately to and from the central point or 
node, where the variations of density are greatest. Mr. 
Wheatstone gave the following new and decisive experimental 
proof of this theoretical deduction. He took a tube bent 
nearly to a circle, so that its ends were opposite to each 
other, with a small space between them; he then took a 
gloss plate capable of making the same number of vibrations 
as the air contained within the tube, and, causing it to sound 
by drawing a violin bow across it, placed it at equal distances 
between the two orifices, so that the impulses of the vibrating 
surface were made at the same instant of time, towards one, 
and from the other end of the tube ; as might be expected 
fmni the theory, these effects neutralizing each other, no 
rosoiiani^e took place, and the air in the tube remained at 
n*8t. But when (the two halves of the tube moving round 
each other by means of a joint) the orifices were brought op- 
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posite to different vibrating parts of the plate, so that the 
impulses were made at the same instant towards or from 
both the orifices, the colamn of air powerfully resounded. 

He then proceeded to show that when a column of air 
sounded any other than its fundamental note, it did so in 
consequence of a division of the column into parts of equal 
length separately vibrating, in the same manner as the har- 
monic sounds of a string have been explained ; that the air 
may vibrate when divided into any number of aliquot parts, 
and the corresponding sounds are as the series of natural 
numbers, 1, 2, 3, 4, 5, 6, &c. ; that, at the limits of each vi- 
brating part, a communication may be made with the atmo- 
sphere by an aperture, or even by entirely separating the 
tube, without any injury to the sound ; that, in each mode 
of division in which there is a node in the centre (i. e, in 
each alternate mode), a solid partition may be placed at the 
centre of the tube, dividing it into two equal parts, each 
giving the same sound as the entire tube when the partition 
was removed ; and that, consequently, a tube stopped at one 
end gives a series of sounds corresponding to the progression 
1, 3, 5, 7, &c. of a pipe double its length and open at both 
ends. 

After verifying these established results, the lecturer pro- 
ceeded to show the erroneousness of the prevailing opinion, 
stated by Chladni and others, ^' that the end at which a tube 
is excited into vibration must always be considered as an 
open end, even if it be placed immediately to the mouth, as 
in the horn and trumpet.'' He showed that a cylindrical 
tube gave the same fundamental sound and the same scries 
of harmonics, when it was excited, as a horn, or with a reed 
at one end, the other end being open, as when it was excited, 
like a flute or flageolet, at one end, the other end being shut. 
In proof of this he adduced the cremona pipe of the organ, 
which is a cylindrical tube, one half the length of the open 
diapason pipe, which gives the same note ; and the clarionet, 
which is also a cylindrical tube (the conical bell which termi- 
nates it being merely a useless appendage), giving a funda- 
mental sound, and an octave below that of a flute of equal 

2b 
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length, and the series of harmonies of a tube closed at one 
end. He then adverted to the circumstance that, in all 
ca»cs of the production of sound at the closed end of the 
tul)e, the tone is invariably more powerful than when the 
sound is produced at the open end of the same tube; and 
explained that in the one case the impulses are made at 
that part of the air where the condensations and dilatations 
are greatest, and in the other case where these variations 
of density are least. This point was illustrated by some ex- 
periments with the flame of hydrogen gas, by which means 
a column of air can be excited into vibration at any point 
l>ctwcen the open end and the node, with a correspond- 
ing alteration of intensity. At the orifice of the tube, the 
smallest possible flame is sufficient to excite the sound, 
which, however, ceases if the flame be made to move to- 
wards the node (t . e, the centre of a tube open at both ends, 
or the closed end of a tube stopped at one end) ; but if, 
at the same time that the flame is advanced in the tube, it 
be also enlarged in volume, the soupd continues, and with 
increased intensity ; by continuing to move the flame towards 
the node, and at the same time to proportionally enlarge the 
volume, the sound progressively increases in loudness imtil it 
attains its maximum at the node. 

By analogous experiments on the sounds produced by the 
flame of hydrogen gas, in tubes of different diameters, Mr. 
Whcatstone showed that the loudest tone is produced in tubes 
of the smallest diameter (when a certain limit is not ex- 
ceeded), which Ib exactly the reverse of the generally adopted 
opinion ; and he stated the following to be the general results 
of numerous experiments — that the flame is required to be 
larger as the length of the tube is greater, as its diameter is 
less, and as the point of excitation is nearer the node. 

The lecturer went on to give an exposition of the laws of 
the vibrations of the air in conical tubes, and explained that 
the air in a tube of this form, excited into vibration at its 
ploscd end or the summit of the cone, gave the same funda- 
mental sound and the same series of harmonics as a cylin- 
drical tube open at both ends. To this similarity of effect 
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he ascribed the general error of considering all wind instru- 
ments as tubes open at both ends. To illustrate this subject^ 
he showed that the trumpet, French-horn, and hautbois pipes 
of the organ, all being conical tubes, gave the same sound as 
the cremona pipe (a cylindrical tube, excited precisely in the 
same way), which is only one half their length. He com- 
pared also the hautbois, which is a conical tube, with a 
clarionet, which is a cylindrical tube of the same length, and 
proved that in the former the fundamental sounds were the 
same, absolutely and relatively, as in the flute (a tube open 
at both ends, of the same length), and that in the latter 
they were the same with those of a stopped pipe of the same 
length. 

The lecture concluded with a variety of experiments on 
the sounds of isolated portions of conical tubes, the situations 
of their nodes, &c., with reference to their practical applica- 
tions, which we cannot spare space to detail. 

If a tube be cylindrical it will have only the odd numbers 
as harmonics ; the cone must be as 4 to 1 of the narrow end 
to have all the harmonics. 
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A CO USTIC Figures : On the Figures ob- 
tained by Strewiny Sand on } ihrating 
Surfaces, commonly called^ 64-83 ; first 
discoTered by Cluadni, 64; table of 
Chladni's results, 65, 66 ; produced by 
simplest yibratiuns of rectangular sur- 
faces, 67 ; produced by superposition 
of two similar modes of yibration, 68 ; 
resultant figures of two superpositions, 
70 ; of four superpositions, 71 ; modes 
of superposition, 73 ; perfect resultant 
figures of square surfaces, 74 ; compa- 
rison of calculated figures with those 
obtained experimentally, 75; imperfect 
resultants, 76 ; modified by irregularity 
of plates, 77 ; rearrangement of 
Chladni's table, 78, 79; theories of 
Bemouilli, 80, of Chladni, i6., of 
Dr. Young, 81, of the Webers, ib.\ 
how far obtainable on plates of wood, 
81, 82. 

Adh6mar, Coimt d', on a relation in 
cube numbers, noticed, 317. 

Aguilonius, on law of direction for mono- 
cular vision, 250. 

Air^ Column of, on the Resonances or Reci- 
procated J ihrafi&nsof^la-4%\ resonant 
to tuning-forks, 37; to wind instru- 
ments, 37 ; its harmonic subdiTisions, 
38; law of resonance of, 42; simul- 
taneous reciprocation of sereral sounds, 
45 ; beats, how produced, tb. ; vibrates 
when its sound is a harmonic of ori- 
sinal sound, 349 ; experiments on, 
in cylindrical tubes, 3q8; vibrations 
of, in tubes with open and closed 
ends, 3()9, excited bjr hydrogen, 370; 
laws of vibration of, in conical tubes, 
371. 



Alembert, D', on law of direction for 
monocular vision, 249. 

Alphabet, inadequate for expression of 
of sounds of tlie language, 355, 361. 

Aluminum^ voltaic position of, 158, 159. 

Antinori, Cav., his experiments on the 
thermo-electric spark, 134. 

Arcy, Chevalier d\ on the duration of 
the sensation of sight, alluded to, 28, n. 

Audibility, limits of, 34. 

Auditiofh, experiments on^ 30-36; aug- 
mentation of sounds produced intcr- 
nallv, 30, 31 ; augmentation of sounds 
produced externRlly — the microphone, 
32, 33 ; consonance of sounds, 34 ; 
acute sounds rendered inaudible, ib.\ 
limits of audibihty, ib. ; acute sounds 
increased in intensity, ib, ; intensity of 
notes varied, 35. 

Bacon, Lord, his experiments on resonance, 
38, n. ; on the transmission of sound, 
47 ; on apparent superiority of mono- 
cular vision, 239, n. 

Beats, how produced, 45. 

Bemouilli, James, his investigations of 
acoustic figures, 80 ; experimental veri- 
fication oj his theory of wind-instru- 
ments, 220. 

Biot, on resonance, alluded to, 37, n. ; on 
the transmission of sound, noticed, 
48. 

Botto, Prof. G. D., bis experiments on 
the chemical action of the thermo- 
electric pile, 136. 

Bouvard, on the transmission of sound, 
noticed, 48. 

Breguet, claims invention of electro- 
magnetic chronoflcope, 143; isconsultod 

2c 
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bj de KcmRactinoC 149; eciiutrucU 
a cfaronofofjpe. 150. 
Breviter. Sir D.. hi* explanation of Pur- 
kinje • experiment rejected. 221 ; on 
ccnTerfion of relief. 2^3: on Uw of 
direction for monocular Tifion, 24 1^ 

Chapman, Capt^ ictivduces WLeatetone't 
chron«>»oope into Woolwich, 145. 

Charge, in»trument for eff«:ing. 170; 
how influenced hr t^rrperatbre. IM : 
time of charing augmented br inter- 
poferd resistance*. \h^ : means of acca- 
muktion of, lO^V-:?"^. 

Charles I., translation of documt nt written 
by him in cipher. .TJ^V-TiJ^. 

Chladni, on the oecillation.* of phonics. 
2, 7 : on resonan'.e. alluded to. 37. n. ; 
on the Telocity of sound. 48 ; Lis 
discoTeriea of acouetic figures. 64. '>>, 
80; on fibratory motiom}, criiicised. 

ao3. 

Christie, on the measurement of resistance 
in Toltaic circuit. 129, n. 

Ckroncfscopf Hectrf*maffniiitjv.€^ note »?'r 
U^ 143-151 ; claimed bj Breguet and 
de Konstantinoff, 143; invented bj 
l^lic&tatone, ib ; description of, i6. ; 
publication of invention, 144 : commu- 
nicated to de Konstantinoff, 146 ; modi- , 
fications of, 147, 149, 150; instrument ! 
invented by Breguet, 150; principle [ 
already applied by Wheatstone^ 151. 

Cipher, interpretation of hitforical docn- ! 
ment in, 321-341; history of, 321; 
principle of cipher, 323 ; key to literal 
cipher, 324 ; key to vocabularT, 325 ; 
translation of documents, 3^6-329; 
te\t of document in cipher, 330-341. 

Circuit, Voltaic, an Account of teveral new 
ImUruments and l*rocess€8 for deter- 
mining the Conttants of, 97-133 ; Olim's 
theory of, 9^102; resistance of, how 
determined, 103, 104 ; instruments for 
measuring resistance, 105-107; rheostat 
for measuringsiuall resistance, 108 ; coils 
for measuring great resistance, 1 10 ; re- 
sistance of interposed body determined, 
111 ; of wireof galvanometer, 112; sura 
of electromotive forces in, 112, 113; 
resistance of rheomotor determined, 
1 18-121 ; resistance of liquids, how 
measured, 122-124 ; small diHcrences 
of resistance, how measured, 126-128 ; 
comparative changes of rheomotors, how 
observed, 129; comparison of intensities 
of currents, 130-132 ; relations between 
degrees of force and of galvanometric 
scale determined, 132 ; influence of the 
earth, 154, 155; degree of tension in 
wire of insulated pole, 157. 



C7<^1, d€9eripti<m cf the elettrm-witwmtihe, 
13S, 139. 

. polar, eonstnielioo of, 2S7; is 

■uperior to sun-dial, 288; wiona forma 
ot. :5?9. 

CU' .1- m. Sin^lmr Efect oftheJuxfrnpontiom 
of, utkder particular cir^ mmgtaiut*, 2^ ; 
two different, presented one to **f-h 
ere. are not compounded. 248; apparent 
motion of certain pitiems, 284 : chiellT 
conspicuous in f^reen and red. ib. ; not 
a; po^nt in daylight, ih.\ how accounted 
for. ib. 

Conductors of sound nnailected by length, 
52 ; how to be connected with inAru- 
ments. 53. 54 : when bent, will transmit 
sound. 59; will transmit transverse 
vibrations, 61 : poesibility of trans- 
mitting human speech, 62.* 

Consonants, table of. 'Ml ; inadequately 
represented in alphabet, 361 ; tronant, 
have corresponding mutes, 362. 

Copper, resistance to voltaic current less 
than iron. 175 : best material for tele- 
graphic wires, ib. 

Cnfptr-arapk, Wheatrfon^g^ Insfrucfiotu 
for the Employ tttfnt of, 342-347; benefits 
of, 342; mode of forming alphabet, 
343; rendering into cipher, 344; r«. 
translation, 345 : advantages of system. 
346 ; specimen in cipher, 347. 

Crystals, plates of, polarise light, 290; 
action of uniaxal, 292; biaxal, ^SfS; 
doubly refracting, 294; thickness of 
two films determined, 297. 

Current, electric, its force determined, 99 ; 
force of, in voltaic circoit, 100 ; distri- 
bution of its force in circuit when a 
|.»ortion is diverted from limited extent 
of circuit, 101 ; comparison of intensities 
of, how effected. 130-132; strensth 
can be increased without augmentation 
of efTecta of induction, 180 ; induced in 
a magnet by it* own action, 212, 213. 

Daniell, Prof., a modification of his bat- 
ter>', 107. 

Darwin, Dr. R., on alteration of perceived 
magnitude of objects, noticed, 203. 

De la Kive, Prof., on voltaic combinations, 
noticed, 117. 

Dipolorizat ion, plane, circular, and elliptic, 
defined, 291. 

Diselmrge, inductive, instrument for ef- 
fecting, 170 ; its amount proportionate 
to the electromotive force, 172 ; varies 
directly as length of wire, 173; effected 
fiimultanoously from nimiber of wires, 
174 ; its amount not dependent on 
conductivity of wire, 175 ; how in- 
fluenced by diameter of wire nnd tliick- 
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nesB of insulating coating, 175-180; 
how influenced by insulating material, 
180-184; how influenced by tempera- 
ture, 184 ; not influenced by pressure, 
185 ; time of, augmented by interposed 
resistance, 186 ; from wire connected 
with earth, 187-190 ; true and apparent, 
considered, 191-194; in short wiren, 
how measured, 194-196; means of 
accumulation of, 196-205. 

Distance, inversion of, produced by pseu- 
doscope, 279. 

Du Tour, his experiments in optics, 248, 
254. 

Ear, experiments on the. See Audition. 

Barth, its influence upon galyanometors 
in electric circuit, 154, 155. 

, Ri-tation of^ Note relating to M, 

Foucaulfs new Mechanical Proof of, 
303-306 ; theory of rotation of, 304 ; 
Foucault's experiment*, 303 ; proved by 
further experiment, 303, 305. 

Electricity, apparatus to determine Telo- 
city of, 84 ; velocity of, determined by 
means of revolving mirror, 85-88, 96 ; 
velocity of, through conductors, not 
previously known, 89 ; hypothesis of 
transmiflsion of, 89-96 ; experiments 
on velocity of transmission of, 90-95 ; 
greatest velocity detected, 93; results 
of experiments, 93, 96 ; spark obtained 
from thermo-electric pile, 134, 135; 
chemical action of thermo-electric pile, 
136; applied to clocks, 138, 139; ap- 
plied to telegraphic thermometer, 206, 
207, 209 ; of operator a source of 
error in experiment, 216-219. 

Electro-magnetic dock, 138, 139. 

Electrometer, sources of error in indica- 
tions of, 216 ; affected by electrical con- 
dition of operator, 217. 

Electro>motivo forces, sum of, in voltaic 
circuit ascertained, 112, 113; various 
measures of, described, 113-118; their 
influence on amount of discharae, 172. 

Electroscopic Experiments, on a Source of 
Error in, 216-219. 

Element, voltaic, used by Wheatstone, 
described, 107. 

Ellis, Sir Henry, letter to Wheatstone, 
322. 

** Enchanted Lvre," the, 8. 

Enregietreur iUctromagnitique described, 
141, 142. 

Eiilenstein, his performance on the jew*s 
harp explained, 44, 45, 359. 

Euler, his investigations of acoustic 
flgures, 78. 

Eyes, single object projects dissimilar 
pictures on retime, 225, 226; projec- 



tion of dissimilar figures not previously 
observed, 227; modes of facilitating 
convergence of, 228; perspective pro- 
jections of solid object, how perceived, 
229 ; assisted by the stereoscope, 230. 
231 ; binocular appearance of two 
drawings, presented one to each eye, 
identic^ with that of two real objects 
having projections the same as those of 
the drawings, 235 ; binocular perspec- 
tive, 236; correct vision by one eye 
explained, 238 ; conversion of relief, 
242 ; double appearance of similar 
pictures falling on corresponding points 
of the retina*, 245 ; binocular vision of 
images of different magnitudes, 246 ; 
effect of presenting different pictures to 
both, 247 ; law of visible direction for 
monocular vision, 249 ; circle of bino- 
cular vision, 252, 253 ; theory of vision 
with one eye only, 254 ; abnormal 
adjustment of, how effected, 262, 265 ; 
table of inclination of optic axes, 270. 

Faraday, on inductive action in telegraph 
cables, referred to, 168. 

Fechner, on measurement of force of 
electric current, referred to, 104. 

Fessel, his gyroscope explained, 307- 
313. 

Foucault, his researches on the rotation 
of the earth, 303-306. 

Fraunhofer, on the spectrum of the 
electric spark, alluded to, 224. 

Fresnel, on the polarization of light, 11, it. ; 
his explanation of the successive polari- 
zation of light, 290 ; experiment on po- 
larized light, 299. 

Fusinieri, his experiments on electricity 
alluded to, 22^ 

Galileo, on acoustic figures, alluded to, 
64. 

Galvanometer, resistance of wire of, in 
voltaic circuit, 112; use of same instru- 
ment to measure forces in circuits of 
different kinds, 124, 125; applied to 
measurement of small resistances, 126- 
128 ; relations between its degrees and 
the degrees of force, 132 ; action of, in 
telegraph thermometers, 206. 

Gkilvanometers, used in experiments on 
telegraph-wires, described, 171. 

Gby-Lussao, on the transmission of sound, 
noticed, 48. 

Geometry, descriptive, its processes, 233. 

Cinder, the, its principles explained, 40, 
41. 

Gerbert, his speaking head, 349. 

Gmelin, Prof., on conversion of relief, 
referred to, 243. 
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Ooffe, infltmctioiw pf>ur le sieur de, hu- 
torical document translated, 32&-32l>. 

Gyroscope, FesfterM^ dtMcriptiom of, 3(ft ; 
phenomena eihibited bj, 306-312. 

Hdrnumic Diagram, KrplanatUm of, 14- 
2r); facilitates aoquisitifin of musical 
the^^rj, 14 ; method of using, 16. 

IlaMonfratx, on the transmission of sound, 
noticed, 48. 

Herhold, on the tnnsmission of sound, 
noticed, 48, 49. 

n''')k, Dr., on acoustic figures, alluded to, 

Ilooke, 7>r., his experiments on transraift- 
sion oi sounds noticed, 47. 

Insulation affected by pressure, 185. 
Insulator, influence of coating of wire 

upon amount of discharge, 175-180; 

insulating material, 180-184. 
Intenrals. 8ee Melody, Eftments of. 
Iron, its resistance to Toltaic current 

greater than copper, 175. 

Jaoobi, Prof., his instruments for mea- 
suring force of electric current, 104, 

la^. 

Jew's harp, theory of, 43, 44. 

Kaleidophone, the, DetcriptUm of 21-29 ; 
renders visible ihe paths described by 
the points of greatest excursion in 
vibrating rods, 21 ; construction of ap- 
paratus, 22, 23 ; experiments with one 
rod, 24, 25 ; experiments with a number 
of rods. 25, 27 ; multiplication of 
images, 28 ; duration of impressions of 
light, how illustrated, 29. 

Kempelen, de, Le Micanisme de la Parole, 
reviewed, 348-367. 

Keys. See Melody, Elements of. 

Konstantinoff, de, claims iuTention of 
electro-magnetic chronoscope, 143 ; his 
acquaintance with Wheatstone, 146; 
receives a specimen of the chronoscope, 
ib. ; communicatee with Breguet, 149. 

Kratxenstein, 0. G., Tentamen coronatum 
de Voce, reviewed, 348-367. 

Lehot, his theory of monocular vision, 
255. 

Light, EUcfrical, on the Prismatic Decom- 
position of 223, 224 ; spectra of various 
motala, 223 ; duration of, determined, 
87, 88, 93, 94, 96 ; hypotheses of origin 
of, 89 ; elongation of spark of, 93 ; ap- 
plications of instantaneousnoss of, 95 ; 
obtained from thermo-electric pile, 
134. 

, Kxperiments on the Successive Pola- 



rization cf, with deteriptiom ef a map 
Polarizing Apparatws^ 290-3021 

Light, polarized by refleetioa from sky, 
285 ; sneoetsive polarixatioii, e^ilained 
by Fresnel, 290; plane dipolarixation 
defined, 291; elUptie dipcdariaatkm 
defined, ih. ; polariang apparatus, •&. ; 
poLarixation of unianl cryatala, 292 ; 
biaxal crystals, 293; successive polari- 
zation of doubly-refimeting lamiiue, 
294-296; explanation of soocessive po- 
larization, ^96; relative tlitr^no^ of 
two films of crystal determined, 297; 
results of changing plane of reflection, 
298; Freffliel's experiment, 299 : recti- 
linear polarization, how obtained, SOOT; 
circular, how obtained, 301 ; dlipticil, 
how obtained, ih. 

linsri. Prof., his experiments on the 
thermo-electric sparx, 134. 

Liquids, resistance of, in voltaic circuit, 
measured, 122-124. 

Loomis, Prof., his observation of remark- 
able electrical phenomena, 219. 

Magnet, On the Augmentation of the Poiter 
of, by the reaction thereon of Currents in- 
duced by the Magnet itself, 211-215. 

, magnetized by its own currents, 

211 ; description of new magnet, ib. ; 
effect of excitation by rheomotor, 211, 
212; effects after removal of rheo- 
motor, 212; effects after junction of 
two circuits, ib. ; explanation of phe- 
nomena, ib. ; residual magnetism of 
magnet, 213 ; effect strongest at moment 
of completing circuit, ib. ; result of con- 
nexion with mductorium, tb, ; effect of 
diverting portion of current from mag- 
net, 214 ; resistances necessary to pro- 
duce effects, 214, 215. 

Martin, on the transmission of soimd, 
noticed, 48. 

Melody, elements of, 15; scales— diatonic, 
chromatic, enharmonic, 15, 16 ; modes, 
17 ; keys, ib. ; progression of k^ in 
major mode, how found, ib. ; progres- 
sion of Vej in minor mode, how found, 

18 ; relative minor to major key, how 
found, ib. ; tonic minor of major key, 
how found, ib. ; progression of major 
keys, %h.\ progression of minor keys, 

19 ; transposition of keys, ib. ; intervals, 
19, 20, when reciprocal, 20, simple 
and compound, ib. 

Mical, Abbd, his speaking machine, 365. 

Microphone, the, experiments with, £^, 
33. 

Mirror, revolving, vertical form of, de- 
scribed, 86 ; appearances presented by, 
87 ; inclined form of, described, ib. ; 
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appearances preMnted by, ib, ; various [ 
applications of, 88 ; angular Telocity of 
axle, how determined, 92; results of 
experiments with, 93 ; polygonal form 
of, proposed to he used, 95. 

Modes. See Melody^ Elements of. 

Musical instruments : laws of construction 
of stringed instruments, 51, 52 ; trans- 
mission of their sounds to a distance, 
53, 54 ; reciprocation by two stringed 
instruments, how effected, 56; sounds 
transmissible simultaneously to several 
places, 57 ; transmission oi sounds of 
reed wind-instruments, i^. ; Bomouilli's 
theory of wind-instruments Terificd, 
220. 

Keeker, Prof., on apparent changes of 
figures of geometricial solids, 240. 

Newton, Sir Isaac, an illustration of his | 
theory of the reflection of colours, 39. 

Nobili,on films of peroxide of lead, referred 
to, 117. 

Numbers, square, formed from arithmeti- 
cal progression, 314-316; cube, 310- 
319 ; higher powers, 320. 

Oersted, Prof., his experiments on the 

vibrations of phonics, 7. 
Ohm, his theory of the electric circuit, 

98-100. 

Perault, on the existence of more minute 
motions than sensible oscillations, 6. 

Perolle, on the transmission of sound, 
noticed, 40. 

Perspective, binocular, in plate of metal, 
23(^; in com pases, 237; effect of, in- 
creased by viewing uvith single eye, 
239 ; illusion of unusual projections, ib, 

Petrina, Prof, on measuring electric cur- 
rents, referred to, 125. 

Phonics, general view of, 1 , 2 ; oscillations 
of, 2 ; Tibrating particles do not vary 
in different media, 3 ; phenomena, how 
observed, ib. ; shown by experiment 
with fluids, ib. ; with metallic plate, 
ib. ; absolute magnitude of particles, 
how ascertained, 4; modify various 
properties of sound, 6. 

, oscillations of: are not immediate 

causes of sound, 2 ; proved by experi- 
ment, ib. ; manner in which they induce 
vibrating fmrtioles, 5. 

: vibrations rendered visible by co- 
lumns of air, 5 ; their excursions control 
loudness of sound, G ; rectilineal trans- 
mission of, 7; transmission influenced 
by thickness of conductors, 8, 9 ; how 
affected by passage through bent con- 
ductors, 9 ; nature of, 10, 11 ; how pola- 



rised, 11, 12; law of polarization, 12; 
double refraction of, ib. ; diffiraotion of, 
12, 13 ; law of transmission when tlieir 
source is in progressive motion, 13 ; to 
what extent audible, 50 ; plane of vibra- 
tion affects intensity of sound, 51. 

Pictures, cannot faithfully represent a 
near solid object^ 22(5; Leonardo da 
Vinci on, 227 ; two, may be drawn to 
present identity with object, 233 ; per- 
spective effect increased by viewing 
with single eye, 239. 

Polarization, of light reflect^ from sky, 
285 ; piano of, for any point of sky, 
defined, 28(t ; plane of, for zenith, ib, ; 
for north pole, ib. 

Polarizing Apparatus, described, 291 ; 
experimenU with, 292, 294, 296, 297, 
298, 300 ; conversions of, 301. 

Pouillet, on meusures of electro-motive 
forces, referred to, 118; is allowed to 
copy the electromagnetic chronoscope, 
145. 

Pro^emons, Arithmetical, an the Forma- 
tion of Powers from, 314-320; trian- 
gular arrangement of, 314; triangles 
which produce square numbers, 314- 
316, cube numbers, 316-319, higher 
powers, 320. 

Pseudoscope, construction of, 275 ; its 
effect on perception of an object, 275, 
276 ; illusions produced by, 277 ; invo- 
luntarv changes of figures produced by, 
278 ; illusions of distance produced bv, 
279 ; its effect on the perception of ob- 
jects in motion, 281 ; modifications of, 
282. 

Pttrkinj^s Experiments, Remarks on, 221 ; 
experiments described, 221 ; explana- 
tion of, 221 ; variation of, 222. 

Quetelet is informed of the electromag- 
netic chronoscope, 144. 

Bafn, on the transmission of sound, 
noticed, 48, 49. 

Baspoil, on conversion of relief, 244 ; on 
place of formation of visual images, 255. 

Beduced length of wire in electric cir- 
cuit, defined, 99. 

Reidv Dr., on optics, alluded to. 248, 249, 
252. 

Belief, conversion of, Brewster's explana- 
tion of, 243 ; explanation of, 244 ; how 
effected, 273 ; cause of, ib. ; not ob- 
served with refiexion or conversion of 
object, 274 ; appears when one of the 

Sictures remains constant, 275; pro- 
uoed by the pseudoscope, 277 ; some- 
times obBervable in pictures viewed di- 
rectly with both eyes. 283. 
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Belief, iiiTenion of. 245. 

Benatanoe, in electric circuit, 08, 101 ; in- 
terposed, weaken* electric force, IfO; 
how determined, 103, 104; ttandard of, 
1 10; of interpoeed body.how determined, 
111; of rheomotor, awertsined bj ra- 
rious prooemeff, 118-1*21 ; of liquids, 
instrument for measuring, described, 
122; method of measurement, 122, 
123; small differences of, how mea- 
sured, ]2f>-128; interposed, augments 
time of charging or discharging wire, 
186. 

Besistanoe-coili«, describod, 1 10. 

Besfinance, how effected, 36 ; of column 
of air to ribniting tuning-fork, 37; to 
wind instruments, 37 ; of subdirisions 
of columns of air, 38 ; principle em- 

Sloyed in musical instruments, 40, 43 ; 
\w of, 42, jO ; application of law to 
Jew's harp, 43, 44 ; of imperfect unisons 
produces beats, 45; simultaneous, of 
several sounds, ib. ; of sounding-boards, 
how influenced, 50 ; peculiarities of, ex- 
plained, 51 ; takes place when somidof 
column of air is harmonic of original 
sound, 359; multiple resonances and 
Towel qualities heard together, 3^iO ; are 
different forms of same phenomena, t/;. 

Bheometcr, magnetic, defined, lO^'} ; mode 
of using, 105, 106 ; construction of, 195. 

Bheomotor, term defined. 102 ; resistance 
of, ascertained, 1 18-121 ; determined 
by comparison with standard rheomo- 
tor, 121 ; comparative changes of two 
instruments, how observed, 129. 

Bheosoope, defined, 103. 

Bheostat, instrument described, 105-107 ; 
used for small resistances, described, 
108 ; its use as a regulator of the cur- 
rent, 109 ; in volta-trping, ib. 

Bheotonie, defined, 103. 

Bheotrope, defined, 103. 

Bichmond, his performance with ihe voice 
explained, 3oO. 

Botation, phenomena of, shown by gyro- 
scope, 307-313. 

Bavart, Dr., on modes of division in sur- 
faces put in motion by communicated 
vibrations, (> ; his experimente on audi- 
tion, alluded to, 30 ; his experiments on 
resonance, 37, h. ; his researches in 
acoustics noticed, 82. 

Scales See Melody^ Elements of, 

Schonbein, on voltaic combinations, no- 
ticed, 117. 

Siemens, Werner, on inductive action in 
telegraphic cables, referred to, 168. 

Skv, polarizes light, 285 ; planes of po- 
larization of, 236. 



.Smith, Dr^ his system of <^ei r e fe r r ed 
to, 226, 237; on law of direction for 
monocular vision, 249. 251 ; on ahera- 
tion of perceived magnitude of ofaieeta, 
noticed, 263. 

Sound, Ktw Eiperimemtt on, 1-13; its 
proximate causes, 1 ; it* infloenoe on 
vibrating particles, 2, 3; its properties 
attributaUe to modifintions of vibrating 
particles, 6; its transmission through 
linear conductors, 7, 8 ; tluroogh other 
otHnmunicating mediums, 8 ; influenced 
by thickness of conductor, 8, 9 ; polari- 
zation of, 0, 10 ; effect of bent oondno- 
tors on transmission, 9, 10 ; polarization 
obserrable in corded instruments, 10; 
phenomena analogous to those of po- 
larized light, 11, 12; refraction and 
diffraction of, 12 ; motions of vibrating 
rods rendered visible, 21, 28; figures 
produced by motion of vibrating rods, 
2i^, 27 ; see KcJeidophone ; augmenta- 
tion of sounds produced internally, 30, 
31 ; of sounds produced externally, 32, 
33 ; production of grave harmonic, 34 ; 
acute sounds rendered inaudible, tA. ; 
rendered intense, ib. ; varying intensity 
of certain notes, 35 ; augmentation by re- 
sonance of column of air, 37, 38 ; what 
sounds can be reciprocated by a column 
of air, 38 ; one or several simultaneous 
sounds rendered separately audible, 39 ; 
grave harmonic, cannot be heard sepa- 
rately in resonance, ib. ; resonance of, em- 
ployed in musical instruments, 40 ; law 
of resonance of, 42 ; simultaneous reci- 
procation of several sounds, 45 ; al- 
ternations in intensity of^ produees 
beats, ib, 

. Trarumission of Musical Sounds 

through Solid Linear Conductors, and 
on tMir aubsequent Reciprocation, 47- 
63 ; its velocity in solid substances, 48, 
49 ; augmentation of, 60, 51 ; its tnins- 
mission, unaffected by length of con- 
ductor, 52; vibrations of sounding- 
boards, how transmissible, 53 ; of piano- 
forte transmitted upwards, ib., down- 
wards, 54, horizontally, 56 ; of an in- 
strument transmissible simultaneously 
to several places, 57; of stringed in- 
struments transmissible, ib. ; of reed 
wind-instruments, ib. ; of certain in- 
struments not transmissible, 58 ; trans- 
mission of, through bent conductors, 
59; diffusion of, 60; longitudinal un- 
dulations preferable to transversal, 61 ; 
Bemouilli's theory of wind-instruments 
verified, 220 ; of columns of air in cylin- 
drical tubes, 368, 369 ; in conical tubes, 
370. 
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Sounding-boardB, peculiarities of, ez- 
plainra, 50, 51. 

Speaking-machineB used in ancient ora- 
clcfl, ^8 ; in Middle Agee, 840 ; prin- 
ciples of construction, 363. 

Spectrum of electric spark from rarious 
metals described, 223. 

Speech, human, possibility of tnmsinit- 
Ung. 62, 63. 

Stereoscope, the, described, 230-232 ; out- 
line figures for use in, 232 ; effect of 
relief produced by, 233 ; effect of traiis- 
pasition of pictures in, 234 ; conversion 
of relief, 235 ; effect produced bv varied 
positions of skeleton figures, io. ; pro- 
jections of a symmetrical object, 236 ; 
conversion of plane outline into figure 
of three dimensions, ib, ; experiments 
on double appearance of two similar 
pictures projected on corresponding 
points of the rctini:;, 245 ; binocular 
vision of images of different magni- 
tudes, 24(); experJtnentfl on theory of 
corresponding points, 25<> ; portable re- 
flecting, described, 266; refracting, 207 ; 
application to drawings of figures of 
tln-ce dimensions^ ib^; assistance af- 
i'orilcd by photocrapiiyr^<>8 ; how to 
obtain photographs for, 269 ; combina- 
tions of magnitude and solidity, 271, 
272. 

Strehlke, Prof., on acoustic figures, criti- 
cised, 78. 
Sylvester II., Pope. See Gerbcrt. 

Talbot, his talbotypes noticed, 2()8. 

Teligraphe autoviwtujve icrivant, descrip- 
tion of system, ItK) ; the perforateur, 
161 ; the iransmetteur, 162 ; the recep- 
tettr, 164 ; the traducteur, 165 ; advan- 
tages of the system* 1(>5. 

Telegraph cables : Ejrperimenls on Medi- 
terranean Cable, 152-157 ; first series of 
experiments, 153 ; phenomena shown 
by iron envelope of conductor, 153 ; 
second series, 154 ; third series, 155. 

. On the CiraimMance* which 

influence the Inductive Dvicharges of 
Submarine Telegraphic Cables, 168-2,*^ ; 
inductive action in, 168 ; effect of coat- 
ing wire with insulating substances, ib. ; 
cluirging and discharging wires, how 
effected, 170; description of galvano- 
meters used in expermfients, 171 ; influ- 
ence of electro-motive forces on amount 
of di:»charge, 172; influence of length 
of wire on inductive discharge, 173 ; 
8imultaneous dischargee from number 
of wires, 174 ; influence of conductivity 
of ^ivQ, 175 ; of diameter of wire, 175- 
ISt); of thickness of insular coating. 



175-180 ; of insalating material, 180- 
184 ; of temperature, 184 ; of pressure, 
185 ; of interposed resistance on time 
of charging and discharging, 187; cur- 
rent produced by discharging electricity 
to the earth, iA. ; true and apparent 
discharges of, 191-194; measurement of 
charges in short wires, 194-196 ; accu- 
mulation of charges and discharges, 
196-2U5. 

Telegraph Thermometer^ Description of the, 
206, 207 ; construction of instrument-, 
206 ; method of using, 20(5, 207 ; de- 
fect* of, 208. 

. On a new Telegraphic Thermometer, 

and on the application of the Principle 
of its constructioih to other MetcoroU)- 
gical Indicators, 208-210 ; improved in- 
st rumen t, 208; construction of, 209; 
questioner, ib. ; responder, ib. ; connec- 
tion by telegraphic wires, ib. ; mode of 
using, 210 ; accuracy of, how nffeoted, ib. 

Temperature, its influence on amount of 
inductive discharge, 184. 

Thermo-electric pile, spark obtained from, 
134 ; chemical action of, 13(>. 

Thermo-electric Spark, on the, 134-137. 

Tim», apparent Solar, on a means of de- 
termining, bv the I)iumal Changes of 
the Plnne of Polarization at the North 
Pole of the Sh/, 285-289. See Clock, 
Polar. 

Vall^, his theory of monocular vision, 
noticed, 255. 

Vibration of rods, plane of oscillation 
persistent. 3(«3. nt the poles, 304 ; per- 
si.stence of, shown by experiment, 305. 

, of surfaces, first investigated by 

Chbidni, t>4; figures of, how repre- 
sented, 65 ; Chladni's table of, (>6 ; 
modes of vibration of rectangular sur- 
faces, (J7, 70 ; states of vibration, 68 ; 
superposition of two similar modes of, 
ib. ; modes of superposition, 69 ; resul- 
tant figures of super])osition, 70 ; su- 
perposition of four similar modes, 71 ; 
imperfect resultants, 76 ; figures of ir- 
regular surfaces. 77; Chkuini's table 
rearranged, 78, 79 ; different theories of, 
80, 81 ; plates of wood, figures produ- 
ced by, 81. 

Vinci, Leonardo da, on inferiority of 

paintings to natural obiects, 226. 
Vision, Cofitribu/ions to the Physiology of, 

' part the first, 225-259; ib., part the 
second, 260-283 ; of objects when optic 
axes of both eyes are parallel, 225; 
when optic axes converge, ib. ; two simi- 
lar objects, how made to fall on similar 
parts of retiiup. 228; effect of substi- 



f 



.'iHO 



>i="X. 



tilting two perepectiTe projeetioDw ut 
one object, 229 ; appeftranoee of two 
Tertical lines, ib. ; of a straight wire, ib. ; 
the stereoeoone, 2tiO-232; binocular 
penpectiTe, 2o6 ; correctness of vision 
of single eje, 238 ; illusions of perspec- 
tiTe, 2!^ ; changes in appearance of 
solid geometrical figures, i-w ; Necker*s 
explanation, 241 ; phenomenon dep -mi- 
dent on action of mind, ib. ; conversion 
of relief, 242; double appearance of 
similar pictures fulling on correspond- 
ing points of retina', 245: binocular 
vision of images of diflerent magnitudes. 
240 ; effect o? presenting different pio- 
turcH to both eyes, 247 ; momKsular, law 
of yisiblo direction for, 249 ; views of 
Reid, Smith, D'Alembert, Brewster, ib. ; 
of Aguilonius, Wells, 2r)0 ; theory of, 
that pictures fall on corresponding 
points of tlie retinae, 251 ; theory in- 
consistent with law of Aguilonius, 25:? ; 
theory of corresponding i)oint8 dis- 
proved by facts, 253, 25<); theory of 
vitfion with one eye only. 23^^, 254 ; ap- 
pearance of relief independent of mo- 
tion t)f eye, 256, 257; necessity of ab- 
normally combining the elementj» of 
vision, 2<)1 ; instrument for effecting 
combinations, 262: variation of per- 
ceived magnitude of object, 263 ; aefi- 
nitions of terms, ib. ; variation of appa- 
rent dist^mco of object, 2(>4 ; modifica- 
tions of tlie stereoscope, 2()6. 267 ; com- 
bination of various inclinations of optic 



axes with various dianmilarilties of pi^ 
tures, 270; oombinmtion €^ inorani 
magnitude with perception of aolidiiT. 
271 ; conversion of reUef» 273 ; the 
pseudoseope, 275; givduAl tvuiatkio 
from normal to oonvcn per«eptioii, 280L 

Voice, human, cause of d^ective pronan- 
ciation of vowels in high notoi. 357. 

Vowels, formation of, explainedt ^^f 
table of, 354 ; inadequatrij ye n rew u tsd 
bv written signs, 355 ; reaoarctiM of K. 
Willis upon, ib, ; production of, tram 
cylindrical tube, 356, 357. 



Weber, brothers, on theory of und 
surfaces, 81. 

Wells, Dr., his "new theory of rinbla di 
rection," 250. 

Willis, Robert, om the Vawei SoumdtL 
viewed, 348-367. 

Wollaston, Dr., his experiments on 

tion alluded to, 30, 31 ; on the diversity 
of limits of audibility, alluded to, S2. 

Wood, plates of, acoustic figares produced 
by vioration of, 81, 82 ; 8avart*a expe- 
riments on circular plates of. 82. 

Wunsch, Prof., on toe transmiMion of 
sound, noticed, 47. 

Young, Dr. Thos., his discoveries on light 
alluded to, 11, n. ; his experiments on 
excursions of vibrating chords, 22^ n. ; 
on the origin of acoustic fiffure«, 81 ; his 
instrument the basis or the electro- 
magnetic chronoscope, 151. 



PrinttKl br Taylor aki> Fr-vncis, Rod Lion Court, Fleet Btrcet. 



'iVhe at stone. 



Plate I 



Fig.l. l|l 2. 2|p 3. i\b 4. 211 5. 2|2 






e.a,. 3|0 6.b. 3i0 6.c. 3|0 Q.d. 3|0 6.e. 3|0 








7. ajl 8. 3|1 9. a. 3|2 9. b. 3|2 K). 3|3 








lla. ^ 11.&. 4l0 12.0/. '410 12.b. 4<|0 13. a. 4|l 








13. b. 4|1 14>. 4(2 15 4|2 16. ». 4|3 IC.b. 4|3 








17. 411. 18. 610 10. a. SU 18.b. Sjl 20. 6|1 








l^xxtcrsiBroa litK. 



/vr.eatstone. 



Plate :! 



21 cu. 6l2 21. b. 5|2. 22. 5|3 23. 5|3 24-.a.. 5|4 








24.& 51 1. 25. 5|5 26. a BjO J&.h. B|0. 27. 6|0 








28. 6|l 29. a. 6l2 28. b. 6l2 30. «. 6l2 30. b. 6|2 








31.0.. 6|3 31. b. 6|3 32. 6l^ 33. GJi 34..n 6|5 








34b. b. 6!o 35.a<. K|3 35. h. 6|6 '^^^.IL 7|0 36. b. 7|0 








37. «L 7|2 37. b. 712 38. a.. 7|3 38.6. lU^ 38 7|3 








l£ntem.BrQ« latk. 



'Wheat stone. 



J. ^'jL\,G 111 



40. a 




W. I 






7|5 43. 




44.0.. alO. 44. b. BlO 45. 




8|5 52. 





8|0 46. 



8l2 47 




8l4 50. 





9|2 55.0. §]3 




56. b 





973 57. 9|4 58. 916 69. 






10l3 61 



Wl^ 62. 



10|4 63. 



al7 64. 







McoDiuvrc^'^SK^^Ak ."Nx-viix 



/v'r.eatstone. 



Plate i: 



21a,. 5l2 21. b. 5|2. 22. 5l3 23. 6|3 2^.a,. 5|4 








24.b 6|4 25. 516 26. a 610 26 b. 6|0 27. 6|0 








28. 6|1 29. a. 6i2 29. b. 6l2 30. o. 6|2 30. b. 6|2 








31.0.. 6|3 31.b. 6|3 32. 6y, 33. sji 34..0 6|5 








34-. b. 6i5 35.0.. 6|o 35. b. 6|6 iiB.a 7|0 36. b. 7|0 








37.0. 7|2 37. b. 7|2 38. o.. 7|3 38. b. 7l3 39 7|3 








IfintemBroe litK. 






'l 



^ 



Wne at stone. 



A ^oLv.6 ilk . 



40. a. 





K). />. 



44..a.. 8|0. 1.4. b. 



8|5 52. 



66. b. 9|3 56. 





10|3 61 



7|4 41. 










46. 




I0I4 63. 10|4 63. 




7|5 43 








8(2 47. 



8l4 50. 




9|2 55.0. ^ 




973 57. 9|4 58. 915 69. 



ai2 64.. 




Mmt«m BroA. lith. 



i 
II 





llmtu-n firo* . lilJi. 



Wheat stone 



Plate 



PrinuuyFigurtB, 
shewing the. oiuflt* 
atrrhieh Ouv or*, mi ■ 
perpttstA tcTmn tht 
fvtt rtauhanlB. ^ 



Firat RrenUnniM, 
ttfrnud. bv fwv> ntperpomitumt. 



Second JUsultani*, 
fbrmmd by ivur mtprrpotitum*. 



Oppoauhg. 




CpruHrriti^. 



180 




126 52 





lao' 




2|2 





HuHaxi Bros lith 



vVkeatstone. 



Fiate VI 



Jhxmtiry Fvfatrt, 

gkotruigOu angltm 

at whiidt tfuyan «u- 
■perpoted trrvrm ihs^ 

UrM rfstdtarUs. Oppotnna 



First JUmthants. 
famuid bv t*%v gtiptrpcttiUen*. 



/^ 



fhnnirrviq. 



"^ 



formMd by flour suptrpcm t uns. 

^ : ^-T : V 



OpfHMfing. 



Ccnatrriny. 







180 








180 








Mintem Bz-os lith 



Wheats tone 



Plate Vn, 



shpwma thM ang^ 
tBtwhim ihtjfarttu- 
Pfrptmtd tc'fbrm. Ou 
first rtmdJUmim. /■- 



Firtt RemUtants. 
fiarmtd by hn> supti-potiiionM. 



126 52 



(^^Hwnp. 



Cmntrrtna. 

2!4 



/^ 



Second Remultants, 
formtd by (mir m»p«rp«mtutnM. 



Cf^wi^. 



(hncurnnff. 



N 








180' 






106*16' 




136 22' 







116 





Mintem Bros litK 



I 




'. r.eatsxr.e 



Plate Vm. 



IVuntuy Figunm, 
ahtmwatht tut^Um 
a/t»Ai<n thtyarrnt,- 
perpimtd tr fonm the 
firsl rmnihanta. ^ 

180* 



FirtiH RunjJianU, 
formed br t-v »uptrpo*iticna . 



'V^ 



Opptmng . Ctmeitrrin^ . 



Second JUmdiantB, 
fbmwtl by four tuptrpomitjifns. 

rrr— ^ .__ N 



Oppifinv. 



Cmnin' 



"*9- 



Vlll. 








118' -k 



3i5 







1 h3 8' 







p * 



163 4. 1. 







180 






Mmtcm Br-^j lith 



Wheat stone. 



Plate IX. 



Ptimoiy Figursm, 
Mfwwing the angles 
atwhiai tkevar* tu- 
ptrpoMd U>tvrm Ou 



ivnt rrsnltantM 

102°40 



Fir0t Mtrndtants, 

fiprnud by two tnperpcmiuona. 
A 



^^OpfHm,n€f. 



Concnrn. 



"N /^ 



Se/rand/ lUeuliajtis . 
icrmtel by fimr tnptrpotiticnm . 



n^. 



Of*pr«mg. 



Ci 



^\ 



cjt£itm 



ny 






126 52 






l-lflTG' 






165 44- 






180 





516 






Mmtem Broslith. 



I 



WKeatstone. 



Plate All 






at whb^tkgyarm ja 
pmj»0t«AtpAprm.tK» 
artt rtmltanU. 



Jvirst JUsultanta, 

farntatL by t»rv mtptrjfosidona. 



126*52' 



143-8 



15T22' 



169*36' 



180" 



Oppomng 





Cmrurring. 



^\ ^ 







lU 





2110 



A"- 




Second. Resnhanis. 

torntJt*l by fi>ur muptrpoaitu.ttt 

^\ 



Oppaging. 



■N 



Q 



'ncurtnny . 












y\\ 



"y V" 






Minteni Br«>a. litL 



Wneatstone . 



Plate XI . 



Hhowtnq the attgU» £• j » . 

iint nmtUants. Oppesinn. Conttirrtnq. 

120-30' ^ll ^ 



> 



SectmxL Jttgaliants, 
firmted/ by iaar supmjxmtiont. 

^ ^ s 



Oppcmng. 



(hruurrin^. 






138' 52' 






15*56 






168*34' 



1110 






180 



xn. 








intern firos lith- 



Whieatstone. 



Plate XH 



PHmary Kffuru, 

shfftrinn {he anglut 
tU whim^tfuyarm so.- 
pm-po*mdi to form t\* 
firtt reaultania. 



/^ 



JPirst Resultants, 

farmed, by t»rv mtpwrpoMbumm. 
^ . 



Oppcmns 

ol7 



CiTuurring. 



/^ 



Seccnci Resultants, 

fornvtd.by /bar miptrpoaitismt. 

•v 



Oppveutg. 



(hnrurt-inj^ . 



■N 






126*52' 





I43'8 



3i9 





157° 22" 



2110 





16tf36' 





180" 














Miiitcni BroB lith 



7.1-iPat.st.onie. 



Plate XIII, 



Fig 1. 



bii;i.;!ii,:i;;:i 




Fig. 4. 




Fig. 2. 

K — 



Fig. 3 



Fig 9 




Fig. 6. 




■f K » 



.^*y — 7*- 







f I* » 



Fig. 6. 



MmtOTn SroA. uth . 



■X 1 


^ 1 


IIL' 






y 



'■>._ 



•V, 



\ 



\ 



\ 



\ 



t 

\ 








"\ 


~*^'"^->v^ 


N 






i 

1 

1 


• 










>- . 



■ ^> . 



^■i^ 

^ 



ri- 



I. 



s. 

^ 

< 



I 



\ ' 



\ 



I 



/ 



/ 




I I 



L. _. 







An 



J 



_< 



;/ 



I / ' 



1/ 



i\ 



• 



. ^ 



r 












'^ 




*Sr 



/ 



r- 



Ni 



:^i 





rr^ 






7 



\ 



K 



J^ 



/ I 



/ 




fir -- -■^»-'--t" -^^m-^ I 



•s , 




1 • 1 






) 



